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Abstract 


The  Lecture  Series  will  cover  the  field  of  airborne  and  spacebome  SAR  with  respect  to  its  technical  realization  in  order  to 
convey  the  participants’  ideas  and  know-how  on  SAR,  on  its  capabilities  and  on  the  technology  necessary  for  the  successful 
construction  and  application  of  airborne  and  spacebome  SAR  systems. 

The  basic  principles  of  SAR  will  be  explained  and  its  peculiarities,  ambiguities  and  special  effects  will  be  highlighted  especially 
in  comparison  with  airborne  and  spacebome  Radar  with  Real  Aperture  (RAR).  The  influence  of  speed  and  altitude  variations, 
lateral  motions  on  respective  compensation  possibilities  will  be  presented. 

The  antenna  is  a  system  related  SAR  component.  Therefore,  the  influence  of  the  antenna  parameters  on  specification  and 
capabilities  of  SAR  will  be  considered.  Polarization  effects  and  multi-polarization  SAR  are  presently  key-points  for  SAR 
development  and  SAR  application  as  well  as  questions  on  absolute  SAR  calibration.  The  advantages,  necessities  and  limits  of 
these  topics  will  be  included. 

Digital  SAR  processing  is  for  SAR  indispensible.  Theories  and  special  algorithms  will  be  given  along  with  basic  processor 
configurations  and  different  processing  techniques  on  hardware  and  software  bases. 

The  simulation  of  SAR-systems  as  well  as  SAR-products  will  also  be  a  topic  of  the  Lecture  Series.  This  includes  the  simulation  of 
SAR-techniques  and  SAR-components  as  well  as  the  simulation  of  SAR  images.  Special  SAR-methods  like  squint-,  stretch-  and 
spotlight-techniques  for  example  will  be  presented  in  addition  to  the  inverse  SAR-techniques  using  the  motion  of  targets  instead 
of  the  motion  of  the  radar.  A  presentation  of  the  state  of  the  art  giving  examples  of  presently  planned  and  up  to  now  realized 
airborne  and  spacebome  SAR  with  its  application  foreseen  will  conclude  the  Lecture  Series. 

The  Lecture  Series  should  appeal  to  technically  and  technologically  oriented  engineers  concerned  with  development  of  SAR 
and  to  scientists,  who  have  to  work  with  SAR  for  different  applications  as  well  as  to  students  of  both  specialities  who  have 
already  attained  a  high  degree  of  knowledge  in  techniques  and  of  remote  sensing  applications. 

This  Lecture  Series,  sponsored  by  the  Avionics  Panel  of  AGARD,  has  been  implemented  by  the  Consultant  and  Exchange 
Programme. 


Abrege 


Ce  cycle  de  conferences  traitera  du  domaine  des  SAR  aeroportes  et  spatioportes  du  point  de  vue  de  leur  realisation  technique. 
Les  conferenciers  mettront  a  profit  leur  competence  pour  presenter  leurs  idees  concemant  les  SAR,  leurs  possibilites,  et  les 
technologies  qui  sont  a  utiliser  pour  reussir  I’industrialisation  et  la  mise  en  oeuvre  des  systemes  SAR  aeroportes  et  spatioportes. 

Les  principes  de  base  de  ces  systemes  seront  exposes,  ainsi  que  leurs  particularites,  ambiguites  et  specificites,  en  particulier  par 
rapport  aux  radars  aeroportes  et  spatioportes  a  ouverture  reelle  (RAR).  L'influence  des  deplacements  lateraux  ainsi  que  des 
variations  de  vitesse  et  d’altitude  sur  les  possibilites  respectives  de  compensation  sera  egalement  presentee. 

L’antenne  est  un  composant  du  systeme  des  SAR  Par  consequent,  l’influence  des  parametres  d'antenne  sur  les  specifications 
techniques  et  les  capacites  des  SAR  sera  prise  en  consideration.  A  1’heure  actuelle,  les  effets  de  polarisation  et  de 
multipolarisation  SAR  doivent  etre  consideres  comme  des  points  cle  pour  le  developpement  et  les  applications  des  SAR  de 
meme  que  leur  etalonnage  absolu.  Les  avantages,  les  necessites  et  les  li mites  de  ces  donnees  seront  examines. 

Le  traitement  numerique  est  indispensable  aux  SAR  Des  theories  et  des  algorithmes  specifiques  seront  proposes,  ainsi  que  des 
configurations  de  processeur  de  base  et  differentes  techniques  de  traitement  sous  les  aspects  materiel  et  logiciel. 

La  simulation  des  systemes  SAR  et  des  produits  SAR  constitue  un  autre  sujet  de  ce  cycle  de  conferences.  Ce  sujet  comprend  la 
simulation  des  techniques  et  des  composants  SAR  ainsi  que  la  simulation  de  I’imagerie  SAR  Des  methodes  specifiques  au  SAR, 
telles  que  le  deport  antenne  (squint)  les  impulsions  etalees  (stretch)  et  le  mode  telescope  par  exemple,  seront  presentes  en 
complement  des  techniques  SAR  inverses  faisant  appel  aux  mouvement  des  cibles  au  lieu  du  mouvement  du  radar.  Le  cycle  de 
conferences  se  terminera  par  une  presentation  de  l'etat  de  l’art  dans  ce  domaine,  avec  des  exemples  de  systemes  SAR 
aeroportes,  spatioportes  existants  et  projetes  et  des  applications  previsibles  pour  lesquelles  ils  ont  ete  concus. 

Ce  cycle  de  conferences  est  susceptible  d’interesser  les  ingenieurs  travaillant  sur  le  developpement  des  SAR  et  les  sciendfiques 
appeles  a  travailler  avec  les  SAR  pour  diverses  applications  ainsi  que  les  etudiants  ayant  deja  des  connaissances  avancees  dans 
les  deux  domaines  des  techniques  en  question  ainsi  que  des  applications  en  teledetection. 

Ce  cycle  de  conferences  est  presente  par  le  Panel  AGARD  d’Avionique;  et  organise  dans  le  cadre  du  programme  des 
Consultants  et  des  Echanges. 
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BASIC  PRINCIPLES  OF  SAR 
by 

W.  Keydel 

Deutsche  Forschungsanstalt  fur  Luft-  und  Raumfahrt  e.V. 
Institut  fur  Hochfrequenztechnik 
8031  Oberpfaffenhofen 
Germany 


SUMMARY 

The  basic  principles  of  SAR  will  be  explained. 
Equations  for  geometric  and  radiometric  reso¬ 
lution  and  their  inter-relations  will  be  gi¬ 
ven  in  addition  to  a  range  equation.  The  dif¬ 
ference  between  focussed  and  unfocussed  SAR 
and  the  conception  of  beam  sharpening  will  be 
explained. 

1.  RESOLUTION.  KEY  TO  REMOTE  SENSING 

For  remote  sensing  purposes  the  resolution  of 
the  respective  sensor  is  one  of  the  main  fac¬ 
tors.  Resolution  in  the  wide  sense  is  defined 
as  the  degree  to  which  a  sensor  can  discrimina¬ 
te  two  closely  spaced  targets,  having  similar 
properties  (geometry,  colour,  velocity,  etc.) 
However,  angular  resolution  is  a  matter  of  do¬ 
minant  concern.  It  is  defined  as  the  minimum 
angular  separation  between  two  items  which  can 
be  distinguished  by  a  system. 

Note  that  for  all  systems  using  elecromagnetic 
waves,  the  laws  of  optics  apply.  The  angular 
resolution  of  an  optical  system  is  principally 
limited  by  both  the  aperture  diameter  and  the 
turbulence  of  the  wave  propagation  medium  (i.e. 
the  earth's  atmosphere).  Quantitatively  the  an¬ 
gular  resolution  of  an  aperture  of  a  given  size 
1  is  found  by  the  ratio  of  wavelength  1  over 
this  size. 


The  human  eye,  for  example,  is  an  optical  sy¬ 
stem,  the  resolution  r  ofwhich  is  limited  by 
the  pupil  diameter.  Under  mean  illumination 
with  a  wavelength  of  about  5  x  10~4  mm  the  pu¬ 
pil  diameter  varies  between  1  mm  and  8  mm  and 
an  angular  resolution  power  between  about  2  arc 
minutes  and  10  arc  seconds  results.  The  mean 
resolution  power  of  1  arc  minute  corresponds  to 
a  ground  resolution  of  3  m  for  a  distance  of  10 
km.  (This  value  can  be  experienced  (approxima¬ 
tely!)  by  looking  down  to  the  ground  from  an 
aircraft) .  For  optics  with  diameters  roughly  a 
factor  100  larger  and  at  altitude  of  about  100 
km,  a  resolution  power  in  the  order  of  10  cm 
results.  This  corresponds  excellently  to  values 
known  or  guessed  for  military  satellites  which 
are  now  operational. 

Diffraction  limiting  laws  of  optics  apply  to 
microwave  remote  sensing  systems,  too.  Here, 
the  antenna  is  the  lens  of  the  system  and  the 
antenna  aperture,  the  diameter  or  length  deter¬ 
mines  the  aperture  size.  The  antenna  diameter 
1  determines  the  so-called  antenna  pattern.  The 
halfpower  beamvidth  of  this  pattern  determines 
of  conventional  radars  the  angular  resolution 
following  in  good  approximation  equation  (1). 

In  order  to  obtain  the  same  resolution  as  the 
human  eye  in  the  visible  region  tremendous  an¬ 
tenna  diameters  are  required.  A  wavelength  of 
5  cm  for  Instance  (corresponding  to  5  GHz) 
would  require  an  antenna  diameter  of  175  m. 

This  illustrates  the  principal  disadvantage  of 
conventional  microwave  systems  in  orbital  ap¬ 
plication.  However,  these  disadvantage  can  be 


overcome  by  the  here  considered  Synthetic  Aper¬ 
ture  Radar  (SAR)  techniques. 

2.  The  SYNTHESIS  OF  AN  APERTURE  [1  to  5] 

Radar  techniques  are  principally  one  dimensional 
measurements.  For  image-construction  the  second  di¬ 
mension  has  to  be  added.  This  is  done  principally 
by  moving  the  radar  platform  of  side  looking  sy¬ 
stems  in  aircrafts  or  satellites.  The  geometric 
range  resolution  of  such  systems  is  dependent  on 
the  bandwidth  which  estimates  the  shortest  proces¬ 
sed  pulselength.  The  azimuth  resolution  is  depen¬ 
dent  on  the  antenna  aperture  1  which  determines  the 
half  power  beamwidth  of  the  radar  beam. 

The  basic  idea  of  the  synthetic  aperture  radar 
(SAR)  is  the  construction  after  data  collection  of 
a  very  long  antenna  along  the  flight  path  (here  as¬ 
sumed  as  strongly  linear)  by  means  of  data  proces¬ 
sing.  Along  the  flight  path  are  the  measuring 
points  for  amplitude,  phase  and  frequency  of  the 
backscattered  signal.  In  this  way  the  real  antenna 
acts  as  individual  elements  of  the  large  (synthe¬ 
tic)  array  antenna.  The  stored  echos  are  combined 
through  data  processing,  and  the  SAR  image  is  pro¬ 
duced. 

The  Fig.  1  and  2  show  the  geometry  and  the  re¬ 
spective  terminology  of  SAR. 


X.-NM,  RHP 
S  -<WW  RHP 


T.  tn  T,  -Ttmm 


Fig.  1  Geometry  and  terminology  for  SAR  in 
3-dimensional  representation. 

Due  to  the  inherent  velocity  u  of  the  radar,  the 
frequency  of  the  received  signal  is  Doppler  shif¬ 
ted  against  the  transmitted  frequency.  For  a  target 
seen  under  small  angles  f)  against  the  crosstrack 
direction  (less  about  30°)  these  Doppler  frequency 
is: 
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Bmin  S  •  (6) 

‘max 

This  Tmax  is  simply  the  time  necessary  to  shift  the 
Doppler  frequency  from  the  absolute  highest  value 
to  the  absolute  lowest  value  within  the  bandwidth 
of  the  filter.  From  (3)  and  (4)  results  for  the 
change  of  fD  with  time 

—  =  2u  dx  = 

AT  X  ■  R  ‘  dt 

For  AfD  =  Broin  and  AT  = 

(7)  by  multiplication 


2  u2 


(7) 


X  •  R 

Tmjx  results  from  (6)  and 


®min  - 


2  u2 
X  R 


With  AfD  =  Bjnin  results  from  (5) 


(Bmin)2 


r 

Amin 


(8) 


(9) 


In  connection  with  (9)  results  herefrom: 


r 


Amin 


(10) 


This  is  the  optimum  resolution  obtainable  by  use  of 
a  fixed  filter  for  a  certain  distance  R  (slant 
range) .  Remarkable  is  the  angular  resolution  which 
is  dependent  on  the  square  root  of  R  and  not  R  as 
is  the  case  for  a  normal  SLAR.  The  resolution  is 
independent  of  the  antenna  dimensions. 


Principally,  for  image  construction  it  is  necessary 
to  use  for  each  range  bin  an  other  bandwidth  (Fig.  1, 
2) .  The  use  of  a  filterbank  following  these  equa¬ 
tions  within  the  swath  from  near  range  to  far  range 
18,s»s  Rf)  allows  a  relative  simple  real  time 
processing. 


Fig.  2  Twodimensional  scheme  of  SAR. 


fD  =  p  sine  *  P  ■  (2) 

If  a  filter  is  used  with  the  bandwidth  AfD  at  the 
output  of  this  filter  a  singal  will  be  showing  up 
which  is  obtained  from  a  small  angle  range  A(i  with 
the  bandwidth  AfD.  To  this  AP  belongs  an  azimuthal 
distance  Ax  which  is  the  azimuth  resolution  raf  for 
this  simple  case.  In  formulas  written  holds: 


Afo 


2u  2u  Ax  2v  i.t 

X  '  AP  X  '  R  '  X  '  R 


(3) 


r»r 


(4) 


This  is  the  first  and  simplest  method  to  built  a  syn¬ 
thetic  aperture  by  means  of  a  filter  with  the  band¬ 
width  AfD,  it  is  called  Doppler  beam  sharpening.  It 
is  remarkable,  that  (4)  is  independent  on  the  real 
antenna  aperture. 


Following  (1)  to  this  resolution  corresponds  a  syn¬ 
thetic  antenna  aperture  L-  : 

£o 


2u 

Af^ 


(5) 


In  order  to  optimize  this  method,  the  smallest  pos¬ 
sible  bandwidth  has  to  be  estimated.  B^,,  de¬ 
pends  on  the  maximum  observation  time  T^*,,  availab¬ 
le. 


If  a  tracking  filter  will  be  used  than  a  so-called 
matched  transmit  receive  system  results.  Here,  the 
total  time  of  target  illumination  can  be  used;  this 
is  the  total  data  acquisition  time  of  the  system 
Td .  During  this  time  the  aircraft  flies  a  length 
Lp,  which  is  the  largest  obtainable  synthetic  aper¬ 
ture.  This  time  is  also  called  dwell  time. 


Together  with  (3)  follows 


(11) 


(12) 


By  use  of  the  well  known  general  valid  relations 
between  real  aperture  length  1,  half  power  beam- 
width  f)hr,  slant  range  and  wavelength  X  (Fig.  1, 
2),  (Lp  =  Phr  •  R,  Phr  =  *■/!)  follows: 


This  is  the  remarkable  formula  for  the  optimum 
theoretical  reolution  of  ;  so-called  focussed  SAR. 
Remarkable,  that  it  becomes  as  better  as  smaller 
the  real  antenna  size  1  is.  This  is  opposite  to 
real  aperture  radars  and  most  optical  systems.  The 
remarkable  fact  is  that  for  SAR  the  theoretical  li¬ 
mit  of  azimuth  ground  resolution  is  given  by  the 
half  antenna  length  in  the  flight  direction  of  the 
radar. 

The  independence  from  range  and  wavelength  is  a 
further  remarkable  attribute  of  SAR  resolution.  A 
look  on  Fig.  1  and  2  shows:  For  each  distance,  each 
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range  bin,  holds  an  other  synthetic  aperture  and  these 
synthetic  aperture  increases  with  increasing  distance 
as  well  as  the  geometric  resolution  of  any  optical 
aperture  decreases  with  increasing  distance.  The  range 
independence  of  the  resolution  is  a  reason  for  the 
possibility  to  extend  SAR  results  gained  with  airborne 
systems  to  spacebome  systems. 

As  allready  mentioned  the  construction  of  the  syn¬ 
thetic  aperture  for  a  SAR  can  be  considered  as  the 
artificial  construction  of  an  array  by  means  of 
computer  techniques.  The  signals  will  be  stored 
correctly  with  respect  to  amplitude,  phase  and  the 
appropriate  positions.  During  the  image  processing 
procedure  the  stored  signals  will  be  added  up  cor¬ 
rectly  and  processed  to  a  SAR-image.  However,  it 
will  be  a  difference  between  a  real  array  aperture 
length  and  a  synthesized  aperture  of  the  same 
length.  Whilst  for  a  conventional  array  the  one  way 
beamwidth  ph  estimates  the  resolution,  for  a  syn¬ 
thetic  array  due  to  the  coherent  illumination  the 
two  way  beamwidth  has  to  be  taken  into  account, 
since  the  beamforming  phaseshift  is  introduced  on 
both  the  paths  to  and  from  the  target.  Therefore, 
for  the  azimuth  beamwidth  of  a  synthetic  array,  a 
factor  1/2  must  be  included  in  the  formula  (1)  for 
the  one  way  pattern. 

The  time  during  which  a  point  target  is  illuminated 
by  the  radar  beam  is  called  the  dwelltime  TD  (11) . 


tude  signals  must  be  stored  as  well  as  in  the  unfo¬ 
cussed  case.  But  before  the  addition  of  the  various 
signals  a  phase  correction  equalizing  the  phase 
difference  Ro-R  has  to  be  made.  Fig.  3  shows  the 
impulse  response  for  a  point  target  for  different  • 
phase  errors  (30°,  90®,  150°).  The  signal  degrada¬ 
tion  with  increasing  error  evidently  can  be  seen. 

The  consideration  of  SAR  a9  a  synthesized  array  leads 
to  the  same  equations  and  results  with  respect  to  res¬ 
olution,  synthetic  aperture  length  etc.  as  the  Doppler 
consideration  does.  However,  the  meaning  of  focussed 
and  unfocussed  becomes  more  understandable  in  the  case 
of  the  synthetic  aperture  consideration.  Also  the  name 
SAR  becomes  here  more  evident. 

3.  THE  PHASE  INFORMATION.  HEY  TO  SAR  [1  to  5] 

3.1  THE  PHASE  REFERENCE 

The  range  R  between  the  platform  and  a  point  target 
can  be  written: 


R2  =  R|  +  (u- 1) 2  .  (20) 

u  =  flight  velocity  and  t  =  observation  time  (the 
maximum  observation  time  is  the  dwelltime) ,  Ro  is  the 
shortest  distance  between  platform  and  target.  With 
R  +  Rc  -  2Rq  follows: 


The  required  dwelltime  for  a  specified  azimuth  re¬ 
solution  is: 


R  -  Ro 


1  u2  t2 

2  R0 


(21) 


To  this  oneway  range  difference  corresponds  a 
phaseshift 


An  illumination  time  TD  can  be  provided  with  an 
oneway  antenna  beamwidth 


(22) 


There  is  principally  a  need  for  some  phase  compen¬ 
sation  during  the  whole  dwelltime.  The  distances  Rq 
of  the  far  end  of  the  synthetic  aperture  to  a  point 
target  are  larger  as  the  distance  of  the  middle  R0. 
(Fig.  1) .  A  so-called  unfocussed  SAR  ignores  these 
differences.  This  case  limits  the  observation  angle 
to  the  area,  where  the  differences  in  distance  are 
smaller  than  1/16,  which  is  identical  with  x/4  ra¬ 
dian  in  phase 

|R.  -  R0|  s  Ye  '  (16) 


The  two  way  phase  change  will  be  twice: 

u2  t2 

*  =  2‘  Fr7  ‘  (23. 

This  equation  is  very  important  as  a  reference 
-function  for  digital  SAR  processing.  The  phase 
shift  is  a  quadratic  function  of  time.  This  is 
the  so-called  phase  history  of  a  point  target, 
the  phaseshift  versus  time  is  a  parabola. 

To  the  quadratic  phase  function  of  time  belongs  a 
linear  frequency  shift.  The  Doppler  shift  fD  of  the 
signal  due  to  the  inherent  constant  platform  motion 
is  given  by 


If  this  focus  condition  is  fullfilled  the  occuring 
degradations  and  the  reduction  of  the  result  is  not 
very  large  in  comparison  with  the  ideal  case.  Howe¬ 
ver,  the  dwelltime  is  not  as  large  as  it  could  be 
and  the  resolution  is  degraded  as  well  as  the  maxi¬ 
mum  aperture  length.  From  fig.  1  results  with 
R»  +  Ro  *  2RC: 

(|)2  =  R|  -  R|  -  2R0(R.  -  R0)  .  (17) 

The  limitation  (16)  leads  to  the  maximum  aperture 
length  of  a  unfocussed  SAR: 


This  aperture  is  responsible  for  the  resolution 
obtainable  and  leads  to 


In  the  focussed  case  the  incoming  phase  and  ampli- 


-•>  = 2*  f°  =  a? =  4*  •  (24) 

For  a  transmitted  signal  Vt  =  V!  sin(2x  ft)  the  re¬ 
ceived  signal  has  the  form 


Vr  =  V2  sin(2x  ft+  2x  fD  •  t)  , 

(25) 

Vr  =  V2  sin[2*(f  +  2!lURo-)t]  • 

This  is  strongly  equivalent  to  a  linear  frequency 
modulation.  The  received  signal  of  a  SAR  is  linear¬ 
ly  frequency  modulated.  This  modulation  will  be 
considered  as  a  code  which  designes  all  points  with 
respect  to  their  azimuth  angle  during  flight  time. 
The  steepness  of  the  so-called  chirp  is 

2  v2 
1  Ro  ' 

The  bandwidth  required  for  this  linear  modulation 
results  from  the  dwell  time  T0: 
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BfD  = 2  rt  Td  •  (26) 

3.2  DEPTH  OF  FOCUS 

Under  the  assumption  that  a  maximum  phase  error  of 
X/ 8  may  be  allowed  at  the  end  of  the  aperture  the 
so-called  "Depth  of  Focus"  (DOF)  can  be  defined. 
DOF  is  the  accuracy  with  which  a  given  quadratic 
phase  reference  function  must  be  matched  to  the 
considered  range,  it  defines  the  number  of  diffe¬ 
rent  reference  functions  required  over  the  whole 
swath  considered.  It  holds  per  definitionem: 


DOF  =  24  Ro  .  (27) 


The  maximum  allowed  one  way  phase  error  caused  by 
improper  positioning  of  the  phase  reference  func¬ 
tion  can  be  written  as  |aR  -  ARo|  =  X/8 .  From  (20) 
follows: 


dR 

dR0 


1  ,l2i 

a  (~7> 

8  R° 


,(28) 


|AR  -  AR0 1  =  ARo  |  (|-)2 


X 

8  ' 


T  ^ 

DOF  =  2ARo  =  2X  —  .  (29a) 

R§ 

With  (12)  results 
8  r| 

DOF  =  — —  .  (29b) 


The  depth  of  focus  becomes  smaller  as  ra  is  made 
smaller.  This  is  a  very  important  fact  for  image 
processing.  For  example,  if  X  =  5  cm,  ra  =  3  m  the 
DOF  is  about  1.44  km  and,  therefore,  the  processing 
of  a  4.3  km  swath  requires  3  different  reference 
functions.  For  a  resolution  of  50  cm  under  the  same 
conditions  the  DOF  is  40  m  and  10  references  are 
required.  This  increases  the  processing  complexity. 
Fig.  3  and  Fig.  4  show  the  influence  of  focussing 
effects  on  SflR  images  exemplarically. 


Fig.  3  Point  target  impulse  response  degradation  for 
unfocussed  prozessing  with  different  phase  de¬ 
viations  (30°,  90*,  180') . 


Fig.  4  Example  for  focus  influence  of  an  image  quali¬ 
ty.  The  lower  image  is  unfocussed  (errors  re¬ 
sult  from  velocity)  the  upper  image  is  focus¬ 
sed. 


4.  HIGH  RESOLUTION  IMAGING  BY  USING  THE  PHASE 
REFERENCE  FUNCTION 

The  phase  of  the  received  signal  (25)  contents  the 
required  information  on  an  observed  target.  These 
information  can  be  extracted  by  a  quadratic  demodu¬ 
lator  which  eliminates  the  terms  with  the  carrier 
frequency  and  leaves  the  socalled  "inphase  compo¬ 
nent  I"  and  the  "quadrature  component  Q"  and  a 
joint  anplitude  factor  A  containing  amplitude  or 
signal  to  noise  informations  on  the  target. 


I  (t) 


Acos(2*(^)t) 


(30) 


Q(t)  =  Asin(2x(^)t)  . 

Therefore,  the  complex  signal  relevant  for  the  in¬ 
formation  on  the  target  is  (with  A  =  1)  : 


Ss  =  I (t)+jQ(t)  =  explj  2*(^)t) 


(31) 


Herein,  the  target  is  positioned  at  t  =  0  (where  fD 
=  0!)  on  the  variable  t,  the  dwelltime  runs  from 
-Td/2  to  +Td/2.  The  further  information  can  be  ob¬ 
tained  by  correlation  with  a  known  reference  func¬ 
tion  sr  for  a  point  target.  The  appropriate  refe¬ 
rence  function  for  a  point  target  at  this  location 
is  the  same  as  (31) .  The  output  of  the  correlator 
is: 

+T/2 

S0  =  J  S,(t) -SJ (t+tr)  dt  ,  (32) 

-T/2 


u‘  t; 
X  Ro 


+T/2 


_tr 

Ro 


dt 


-T/2 
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S0  =  e 


■j  2* 


X  Ro 


—  sincf- 


X  R 


tr|  .(33) 


The  sine  function  in  (33)  delivers  the  image  of  the 
point  target.  Remarkable  are  the  sidelobes.  The 
correlator  output  has  a  maximum  for  tr  =  0,  when 
the  reference  function  and  the  target  aligned  with 
each  other.  Fig.  5  shows  the  unprocessed  amplitude  of 
a  point  target  as  well  as  it  gives  the  processed  image 
of  a  point  target  in  azimuth  direction. 


received  signal 


synthetic 

antenna 


real  antenna 


0.4  0.6 

time  — > 

Fig.  5  Amplitude  of  a  pulse  response  (upper  curve) 
from  a  point  target  and  SAR-prozessed  impuls 
response  of  a  point  target  (lower  curve) 
following  (33)  in  comparison  with  point  tar¬ 
get  response  for  a  real  aperture  radar. 

5.  MODULATION  PRINCIPLES  FOR  RANGING 

The  main  considerations  up  to  now  went  into  direc¬ 
tion  of  the  azimuth  resolution  capability  of  SAR, 
which  is  obviously  the  main  advantage:  The  azimuth 
resolution  of  SAR  can  be  equivalent  to  the  resolu¬ 
tion  of  optical  systems,  despite  of  the  fact  that 
small  antenna  apertures  will  be  used.  However,  the 
range  resolution  should  have  the  same  order  in  or¬ 
der  to  produce  high  quality  imagery.  The  range  reso¬ 
lution  ry  of  a  pulsed  radar  is  equal  to  half  of  the 
pulslength  ip. 


2 


(34) 


High  resolution  would  require  extremely  short  pul¬ 
ses  and  this  would  require  extremely  small  band¬ 
width.  However,  this  would  entail  considerable 
technological  problems  and  would  rapidly  lead  to 
the  border  of  SAR  possibilities.  A  solution  is  here 
to  use  pulse  compression-methods  (1) .  There  are  main¬ 
ly  two  methods:  the  commonly  used  frequency  chirp  mo¬ 
dulation  and  the  digital  pulse  code  modulation  with 
Barker  or  Pseudo-Noise  codes  respectively.  Both  me¬ 
thods  require  large  time  bandwidth  products  and  are 
well  developed  for  RAR  with  ranging  tasks.  However, 
it  should  be  mentioned  here,  that  the  principles  of 
SAR  can  be  considered  without  special  ranging  pro¬ 
cedures.  But  looking  at  the  results  of  the  previous 
Doppler  3hift  considerations  during  the  azimuth 
measurements  a  SAR  uses  principally  a  linear  fre¬ 
quency  modulation  for  azimuth  coding,  which  is  for¬ 
mally  identical  with  the  frequency  modulation  prin¬ 
ciple  for  ranging.  For  both,  ranging  and  azimuth 
measuring  the  same  receiver  unit  (and  the  same 
processor)  can  be  used  and  this  is  the  main  reason 
why  always  the  FM-chirp  for  ranging  will  be  consi¬ 
dered  in  connection  with  SAR  in  the  literature. 


6.  POWER  CONSIDERATIONS  AND  FADING  STASTISTICS 


Principally,  radar  uses  information  on  electroma¬ 
gnetic  waves  characterized  with  amplitude  E,  phase 
f,  frequency  f,  the  polarization  which  characteri¬ 


zes  the  vector  character  and  the  signal  delay  time 
t.  The  received  radar  signal  is  of  the  kind  of 

N 

■  Sr  =  J  tt  e3*"1  tA  +  fl)  .  (35) 

i=l 

Here  is  N  the  total  number  of  scatterers  contribu¬ 
ting  to  the  signal,  Si  the  vector-field  scattered 
by  the  ith  scatterer,  Sr  the  totally  received 
field,  ui  =  2  *ft  the  circular  frequency  and  ti  = 
t  +  t±  the  observation  time  with  the  respective 
delay  time  ti.  The  radar  receiver  in  connection 
with  the  data  processing  part  has  the  task  to 
transform  this  conplex  signal  into  an  observable 
signal  proportional  to  |Sr|2  and  to  extract  the  in¬ 
formation  on  distance,  velocity,  benaviour,  shape, 
quality  and  other  quantitative  aspects  of  the  ob¬ 
served  target.  |Srf2  is  equivalent  to  the  observed 
power. 

A  very  important  part  plays  the  term  "coherency" 
which  will  be  used  for  techniques,  instruments  and 
for  scattering  mechanisms  as  we.-.  Coherency  means 
the  phase  stability  and  the  statistical  behaviour 
of  the  phase  of  electromagnetic  waves  over  the  ob¬ 
servation  time.  For  complete  incoherent  scattering  - 
this  means  if  there  are  many  independent  scatterers 
within  the  beam  and  for  a  pure  statistical  phase  di¬ 
stribution  between  the  scattered  signals  -  the  perfor¬ 
mance  of  radar  can  be  described  with  good  validations 
by  the  radar  equation. 

6.1  THE  RADAR  EQUATION  FOR  SAR 

The  radar  equation  is  given  by  Hall  for  a  point 
target  (which  consists  per  definitionem  of  one 
single  scatterer)  [1): 

Pav.  G2  X2  o  ■  Tp 

S/N  =  (4x) 3  (k  T0  F)  R«  •  Ltot  •  l36) 

Herein  is:  Pav*  =  average  transmitted  power,  G  = 
antenna  gain,  X  =  wavelength,  a  =  radar  cross-sec¬ 
tion,  R  =  distance  radar-target,  k  =  Boltzmann  con¬ 
stant,  T0  =  noise  reference  temperature  usually  290 
K,  F  =  receiver  noise  figure,  Ltot  all  losses. 

For  the  dwelltime  TD  Results  from  (11)  and  (12)  : 


To 


X-R 

2  ra  u  ' 


(37) 


This  leads  to  the  SAR  equation  for  point  targets: 


Pave  G2  X3  0 

S/N  =  (4n) J  RJ  (kT0F) -2u-ra-Ltot 


(38) 


For  area  targets  the  radar  cross  section  per  unit 
area  oD  has  to  be  taken  into  account: 


0  ”  ’  ra  *  ry  t 

G2  X3  0O  Yy 

S/N  =  (4*)  3  R3  (kT0F)  ^u-Ltot  •  (39) 

Remarkable  is  here  the  dependence  of  the  cube  of  the 
range  even  for  point  targets.  This  is  a  significant 
difference  to  real  aperture  radar.  This  equation  holds 
if  all  scatterers  within  the  resolution  cell  r,'r„  are 
independent  that  means  for  incoherent  summation  of  the 
backscattered  power.  Fig.  6  shows  as  an  example  the 
image  of  an  oilspill  on  the  seasurface  taken  with  a 
SAR  in  C-Band. 

Fig.  7  shows  the  signal  to  noise  ratio  as  a  func¬ 
tion  of  range  (7).  The  dependence  of  R3  and  of  the 
antenna  diagram  becomes  evident  as  well  as  the  so- 
called  amplitude  line-echo  (ALE)  which  results  from 
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Fig.  8  Signal  intensity  curve  of  the  image  in  Fig. 
6  after  radiometric  correction  using  the 
curve  in  Fig.  7b.  (660  m  flight  altitude, 

30  deg  depression  angle.) 


Fig.  6  SAR  image  of  an  oilspill  on  the  sea  sur¬ 
face  taken  with  DLR  E-SAR,  C-band  (7] . 


Fig.  7a  Signal  to  noise  ratio  over  the  whole  scene  in 
Fig.  6  as  a  function  of  range.  (660  m  flight 
altitude,  30  deg  depression  angle  [7].)  The 
Altitude  line  echo  (ALE)  clearly  can  be  iden¬ 
tified. 


Fig.  7b  Signal  intensity  curve  of  Fig.  7a  as  a  func¬ 
tion  of  range  integrated  over  50  s.  (660  m 
flight  altitude,  30  deg  depression  angle.) 

reflections  directly  underneath  the  aircraft.  This 
curve  can  be  used  for  image  correction. 

Fig.  8  gives  the  signal  intensity  curve  of  Fig.  7  af¬ 
ter  correction.  The  image  in  Fig.  6  is  corrected  (!) 
by  using  the  results  of  Fig.  7. 


but  many  scattering  centers  which  contribute  to  the 
radar  response  signal;  individual  scattering  cen¬ 
ters  may  be  seen  with  very  high  resolution  systems 
(exeptions  are  very  simple  targets  only  like  sphe¬ 
res,  corners,  zylinders,  plates) .  Fig.  9  shows  as 
an  example  the  distribution  of  such  centers  on  a 
[8], 


Fig.  9  Distribution  of  reflection  centers  on  a  car 
in  a  twodimensional  representation.  Resolu¬ 
tion  is  about  15  cm  x  15  cm  (measurement  Graf, 
DLR  (2]) . 

Under  the  assumption  of  statistical  distributed 
amplitudes  Ei  and  phases  <pi  (35)  becomes  a  stati¬ 
stical  phasor  the  quality  of  which  is  dependent  on 
the  respective  distribution  functions.  For  uniformly 
distributed  phases  <p±  and  Rayleigh  disributed  am¬ 
plitudes  results  an  exponential  distribution  for 
the  amplitude  square  of  (35) .  That  means  in  general 
if  homogeneous  areas  of  the  earth  are  illuminated 
by  a  coherent  radar  the  backscattered  signal  ampli¬ 
tudes  of  the  single  observations  (pixels)  are  sta¬ 
tistically  distributed  and  this  is  the  reason  for 
the  speckle  typical  for  each  radar  image  also  for 
images  of  very  homogeneous  areas.  There  is  no  pos¬ 
sibility  to  characterize  a  radar  target  by  measure¬ 
ment  of  one  pixel  only.  Principally  this  speckle 
can  be  reduced  by  image  averaging  with  the  use  of 
multi  looks  for  instance,  this  reduces  the  standard 
deviation  proportional  to  the  root  of  the  look  num¬ 
ber  and  smoothes  the  speckle.  Speckle  can  be  seen 
in  all  the  radar  images  presented  here. 


6.2  SPECKLE  STATISTICS 

However,  equation  (35)  shows  the  statistical  nature 
of  the  radar  response  signal  due  to  the  target  and 
scatter  statistics.  Normally  complexe  radar  targets 
like  cars,  trees  and  areas  etc.  have  not  only  one 


The  Rayleigh  distribution  for  the  envelope  Vr  be¬ 
longing  to  (35)  is 

Vf 

P(Vr)  =  expi-  —)  for  0  <  Vr  .  (40a) 

Ov  2  o$ 
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The  phase  is  uniformly  distributed 


P <«p)  =  r—  for  0  <  <p  <  2n  .  (40b) 

L 11 

Mean  value  Vr  and  the  second  moment  V|  of  (40a) 
are: 


The  variance  is  by  definition: 

Var (vr)  =  V|  -  V|  =  0.429  a2  =  vlc  . 


T 

m 

c 

& 


The  variance  represents  the  fluctuation  of  the  re¬ 
gistered  voltage  around  the  mean  value,  this  is 
principally  an  inherent  noise  and  it  can  be  written 
as  a  mean  squared  AC  component  vfc.  Together  with 
(41)  one  obtaines  the  inherent  signal  to  noise  ra¬ 
tio  Snr  for  Rayleigh  fading 

V? 

Snr  =  -  =  3.66  S  5.6  dB  . 

v£ 

This  occurs,  even  in  the  absence  of  any  other  ad¬ 
ditional  noise.  That  means,  the  Rayleigh  fading  is 
equivalent  to  addition  of  noise  that  results  in  a 
signal-to-noise  ratio  of  5.6  dB,  even  if  the  ratio 
of  the  average  signal  level  to  actual  noise  is  very 
high.  Thus,  the  best  equivalent  signal-to-noise  ra¬ 
tio  that  can  be  obtained  when  Rayleigh  fading 
exists  is  5.6  dB.  This  is  the  reason  that  fading 
distributions  are  so  important  in  radar  problems. 
One  often  would  like  to  have  a  high  signal-to-noise 
ratio,  but  the  effective  signal-to-noise  ratio  can¬ 
not  exceed  5.6  dB  unless  multiple  independent  fa¬ 
ding  samples  are  added  together,  regardless  of  the 
ratio  of  the  mean  received  power  to  the  thermal- 
noise  power  in  the  system  (5] . 
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Fig.  10  Histogram  of  the  filtered  SAR  image  of  Fig. 
6.  (Oil  slick  A2,  660  m  flight  altitude.) 
Both  curves  follow  a  Rayleigh  distribution. 


vl  »  |  }  Vri  . 

i=l 

For  the  mean  holds  principally 


But  for  the  variance  one  obtaines 


With  these  results  for  the  optimum  equivalent 
Snr  results  instead  of  (41) : 


The  measured  signal  Pr  which  is  considered  in  (36) 
is  the  power,  which  can  be  written  as 


Pr  =  V|  =  S  . 

From  distribution  (40)  for  Vr  results  the  exponen¬ 
tial  distribution  for  Pr: 

■  1  Pc 

P(Pr)  =  -  exp( - )  for  0  S  Pr  .  (42) 

20$  2o5 

For  the  mean  value  Pr  and  the  second  moment  P?  holds 

Pr  «  2dv  ,  P?  -  8o|  =  2w2  . 

With  these  results  the  Rayleigh  disribution  (40) 
can  be  rewritten: 

Vr 

P(Vr)  =  —  expi - )  .  (43) 

Pr  2Pr 

Fig.  10  shows  as  an  example  the  histogrammes  of 
Fig.  7  [7], 

If  N  independent  pixel  values  are  added  than  fol¬ 
lows  from  the  laws  of  probability  theory  that  the 
mean  value  of  the  sum  is  identical  with  the  mean 
value  of  the  single  element  whereas  the  variance 
for  the  sum  of  N  independent  samples  is  the  varian¬ 
ce  of  the  single  sample  divided  by  N.  That  means 
for  the  case  of  a  linear  detector  if  N  numbers  of 
samples  are  averaged  and  if  Vrl  is  the  envelope 
voltage  of  the  ith  sample  than  is  the  average  re¬ 
ceived  voltage  VL: 


Snr  =  3.66  •  N  .  (44) 

The  maximum  obtainable  signal  to  noise  ratio  in¬ 
creases  rapidly  with  increasing  N. 

The  time  T  during  which  a  point  target  remains 
within  the  real  beam  is  the  time  for  observing 
this  fading  signal.  This  time  can  be  obtained  from 
the  consideration  of  the  extension  of  the  footprint 
in  flight  direction  which  is  the  azimuth  groundre- 
solution  ra  of  the  real  antenna. 


r»  fhr  •  R  =  vT  . 


(45) 


The  number  NaI  of  independent  samples  in  azimuth 
direction  is  the  product  of  bandwidth  and  observa¬ 
tion  time. 


N.z  =  4fD  •  T  , 

R 

N“  =  2  ; r~  ■ 


(46) 


This  leads  to  the  simple  equation 


(47) 


The  equations  (46)  and  (47)  are  very  fundamental. 
They  apply  to  SLAR  and  to  SAR  as  well.  Equation 
(47)  shows  the  possible  tradeoff  which  can  be  made 
between  large  resolution  and  small  r,  and  high 
specie  reduction  (large  N) . 

The  number  N„  of  independent  sauries  in  range  di¬ 
rection  results  from  considerations  of  range  re¬ 
solution.  The  slant  range  resolution  for  a  pulse 
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radar  ry  is  given  by: 


If  Ny  returns  with  that  resolution  will  be  averaged 
than  a  poorer  resolution  will  result.  Therefore, 
the  number  of  independent  rangepixels  is  proportio¬ 
nal  to  the  reduced  range  resolution  ryred. 


ryred 


The  equivalent  pulselength  tp«q  associated  with  Ny 
averaged  returns  is: 


*peq  ”  Ny  '  • 


Using  these  results,  one  can  express  the  number  of 
independent  range  samples: 


Ny 


^-y rod  ^  Tpo q  g 

ry  *  p  ®«sq 


(48) 


In  (48)  is  B.q  the  equivalent  bandwidth  which  be¬ 
longs  to  tpeq. 


The  total  number  of  independent  samples  is  given 
by: 


N  =  Nal  ■  Ny  .  (49) 

Equation  (48)  shows  as  well  as  equation  (47)  in 
connection  with  (45)  the  possible  tradeoff  between 
high  geometrical  resolution  and  high  speckle  reduc¬ 
tion  which  corresponds  to  high  radiometric  resolu¬ 
tion.  Radiometric  resolution  describes  the  possibi¬ 
lity  to  consider  two  areas  with  two  different 
speckles  (or  medium  grey  tones)  as  different.  One 
possibility  is  to  take  the  mean  values  Xy  and  X2  of 
the  probability  density  functions  of  the  pixels  of 
those  two  fields  and  use  the  ratio  of  both  mean  va¬ 
lues  for  a  measure  of  the  separability: 

*2 


^rad  -  _  , 

(50a) 

Xi 

xt  +  ax 

^rad  ~  _ 

(50b) 

X, 

This  ratio  is  called  radiometric  resolution.  For 
SAR  the  angular  resolution  is  closely  connected  to 
the  radiometric  resolution.  The  radiometric  reso¬ 
lution  is  the  minimum  brightness  contrast  necessary 
for  the  discrimination  of  two  targets.  The  radiome¬ 
tric  resolution  in  radar  images  is  dependent  on  the 
image  statistics,  the  speckle.  Therefore,  by  in¬ 
creasing  the  integration  time  (i.e.  the  observation 
time  of  a  certain  area  represented  through  the  num¬ 
ber  of  looks  on  it)  the  speckle  will  decrease,  the 
radiometric  resolution  increases  (the  image  becomes 
sharper),  but  the  angular  resolution  decreases. 

Fig.  11  shows  the  processed  radar  answer  of  a  point 
target  with  different  geometric  resolution  (8.94  m 
and  11.4  m) .  The  decrease  of  the  sidelobes  with  in¬ 
creasing  resolution  is  evident.  A  quality  measure  is 
the  peaksidelobe  ratio  PSLR  as  well  as  the  integra¬ 
ted  sidelobe  ratio  ISLR  which  are  defined  as  fol¬ 
lows  : 


ps,_  _  power  within  the  sidelobes 
power  within  the  main  beam  ' 

,S,R  _  power  within  the  sidelobes 

power  within  the  total  diagramm 


Fig.  11  Impulse  responses  (2dimensional  image)  of  a 
point  target  showing  the  interconnection  of 
resolution  and  siderlobe  level. 


Fig.  12  SAR  image  of  DLR-Research  Center  and  airfield 
in  Oberpfaffenhofen  taken  at  5  cm  wavelengths 
from  an  aircraft  at  914  m  altitude.  Scene  di¬ 
mension  2700  m  x  3510  m,  resolution  2  m  x  3  m 
(azimuth  x  range),  8  looks. 


i-y 


Fig.  13  SAR  image,  part  of  the  airport  in  Oberpfaffen- 
hofen.  The  scene  corresponds  to  a  section  of 
the  image  in  Fig.  12.  Scene  dimension  is  826  m 
x  1079  m,  ground  resolution  0.5  m  x  2  m  (azi¬ 
muth  x  range),  1  look.  The  aircraft  on  the 
platform  in  the  middle  will  be  enlarged  re¬ 
presented  in  Fig.  14  (Moreira,  DLR) . 

[.  lT  t  -Y  S  ?  ^  t  V  ;  t  £  n  HOT10N  COM*E*S**:ON  ] 


Fig.  14  Enlargement  of  the  aircraft  on  the  dark  plat¬ 
form  in  the  upper  left  corner  of  Fig. 13.  Scene 
dimension  is  60  m  x  60  m,  ground  resolution  is 
0.5  m  x  2  m  (azimuth  x  range).  The  unsymmetry 
in  the  resolution  pixels  caused  by  the  unsym- 
metrical  ground  resolution  area  clearly  can  be 
seen.  The  aircraft  is  probably  a  Do  228;  this 
is  a  conclusion  of  a  geometrical  evaluation  of 
the  aircraft  image  in  comparison  with  the  well 
known  real  dimensions.  The  different  reflec¬ 
tion  centers  typical  for  radar  imaging  as  well 
as  the  speckle  clearly  can  be  seen  (Moreira, 
DLR)  . 


In  Fig.  12,  13  and  14  this  tradeoff  between  geome¬ 
tric  and  radiometric  resolution  as  well  as  the  in¬ 
fluence  of  the  speckle  is  illustrated.  The  images 
from  the  DLR-Dornier  airport  at  Oberpfaffenhofen 
have  been  taken  by  the  airborne  SAR  of  the  DLR  at  5 
cm  wavelength  (9,  10,  11] .  Fig.  12  shows  an  8  look 
image  with  low  speckle  and  high  contrasts.  This 
image  with  its  dimensions  of  2.700  m  x  3.510  m 
irange  x  azimuth)  has  a  resolution  of  2  m  in  range 
and  3  m  in  azimuth;  with  its  many  details  it  is 
comparable  to  a  real  photography.  Fig.  13  shows  en¬ 
larged  a  part  of  Fig.  12:  the  scene  dimension  is 
828  m  in  range  an  1.079  m  in  azimuth.  This  one  look 
image  has  an  azimuth  resolution  of  0.5m  and  a  ran¬ 
ge  resolution  of  2  m.  (The  resolution  in  range  here 
can  not  be  increased  due  to  the  limited  bandwidth 
of  the  system.)  The  increase  of  the  speckle  against 
the  8  look  image  in  Fig.  12  is  evident.  Impact  of 
high  resolution  becomes  clear  by  looking  at  the 
large  black  platform  in  the  upper  left  corner.  The¬ 
re  an  aircraft  clearly  can  be  seen.  This  aircraft 
together  with  its  background  is  shown  enlarged  in 
Fig.  14  with  the  same  resolution.  The  image  size 
corresponds  here  to  60  m  x  60  m.  The  differences 
in  range  and  azimuth  resolution  are  evident.  This 
same  image  was  used  for  estimation  of  the  dimen¬ 
sions  of  the  aircraft.  A  comparison  with  the  known 
dimensions  of  a  DO  228  aircraft  leads  to  the  con¬ 
clusion,  that  the  image  shows  with  a  high  degree  of 
probability  a  DO  228.  The  estimated  dimensions 
(with  the  real  values  of  a  DO  228  in  paranthesis) 
are:  Total  length  14.3  m  (15.04),  total  wingspread 
16.3  m  (16.97  m) ,  wingspread  of  the  elevator  unit 
7.7  m  (6.45  m) .  This  points  out,  that  for  airborne 
SAR  a  resolution  in  the  order  of  dm  is  the  present 
state  of  the  art  [12,  13]  However,  for  spaceborne 
SAR  the  present  state  of  the  art  is  poorer  due  to 
different  reasons  (atmospheric  turbulences,  power- 
limitations,  data-rates) .  Present  spaceborne  SAR 
principally  can  have  a  ground  resolution  power  in 
the  order  of  one  or  a  few  meters. 

7.  SAR  IMAGES 

7.1  IMAGE  GEOMETRY 

SAR-pictures  are  different  from  normal  photographs 
in  many  details.  They  look  like  an  aerial  photo¬ 
graph  although  taken  from  a  sidelooking  perspecti¬ 
ve.  This  side  looking  perspective  leads  to  shadow- 
effects  and  to  the  well-known  characteristic  pla¬ 
sticity  of  SAR-pictures.  The  shadows  can  be  used 
for  height  estimation  of  trees,  rocks,  and  ether 
shadow  producing  elements  in  a  SAR  image  as  in  Fig. 
22  for  example. 


SAR 


Fig.  15  Radar-image  format  showing  slant-range  pre¬ 
sentation  aj  bj.  Cj  relative  to  ground-range 
abc,  assuming  a  level  surface  long-dashed 
line  represents  radar-image  plane.  Look  ang¬ 
le  is  inclination  of  the  radar  beam  off  ver¬ 
tical  [14]. 
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An  incorrected  SAR  image  is  allways  a  so  called 
slant  range  image  it  represents  basically  the  di¬ 
stance  from  the  radar  to  each  of  the  respective 
surface  elements  in  the  scene.  Therefore,  in  its 
raw  stage  it  shows  some  geometric  distortion  due  to 
the  differences  between  slantrange  and  groundrange 
explained  in  Fig.  15  [14].  Fig.  16,  17  and  18  show 
raw  data  a  slant  range  image  as  well  as  a  finally 
processed  image  of  the  same  scene. 


SLANT  RAHGF 


Fig.  18  Azimuth  processed  image  -  only  the  totally 
focussed  region.  Processed  from  raw  data  in 
Fig.  16  and  slant  range  image  in  Fig.  17. 

Foreshortening  [14] 

Slopes  inclined  toward  the  radar  appear  compressed 
relative  to  slopes  inclined  away  from  the  radar. 

The  effect  is  illustrated  in  Fig.  19.  The  foreshor¬ 
tening  factor  F  is  approximately: 

F  =  sin(e-o)  , 


Fig.  16  Raw  data:  RCM  corrected,  range  compressed 
image  before  the  azimuth  processing. 


i 
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Fig.  17  Slant  range  image  processed  from  raw  data 
in  Fig.  16.  Azimuth  processed  image  inclu¬ 
ding  the  partially  processed  region. 

A  further  set  of  geometric  relief  dispalcements 
that  is  characteristic  of  all  imaging  radars  is  the 
apparent  variation  in  length  of  equal  terrain  slo¬ 
pes  when  the  respective  slope  lengths  are  imaged  at 
different  incidence  angles.  The  displacements  re¬ 
sult  in  foreshortening,  layover,  and  shadowing. 
These  effects  are  feature-dependent  and  cannot  be 
easily  corrected. 


where  the  look  angle  «  is  the  angle  between  the 
vertical  plane  and  a  line  that  links  the  imaging- 
radar  antenna  to  a  feature  on  the  ground,  and  is 
the  slope  angle  of  the  surface.  Alpha  is  positive 
<a+)  where  the  slope  is  inclined  toward  the  radar 
(foreslope),  and  negative  (a-)  where  the  slope  is 
inclined  away  from  it  (backslope) . 


SAR 


Fig.  19  Radar  foreshortening  of  slope  ab,  which  is 
projected  as  ax  blr  relative  to  slope  be, 
which  is  projected  as  bi  clr  showing  look 
angle  8,  foreslope  angle  a+,  backslope  angle 
a".  Long-dashed  line  represents  radar  image 
plane. 

Layover  [14] 

Layover  is  an  extreme  case  of  foreshortening  that 
occurs  when  the  look  angle  t  is  smaller  than  the 
foreslope  a *  It  <  a*) .  This  is  illustrated  in  Fig. 
20.  In  this  case,  a  mountain  is  laid  over  on  its 
side. 
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SAX 


SLOPING  SURFACES 


Fig.  20  Radar  layover  of  slope  ab  projected  as  bi  ai 
on  radar  image,  where  look  angle  @  is  smaller 
than  slope  angle  a*.  Long-dashed  line  repre¬ 
sents  radar-image  plane  [14] . 

SAX 


fig.  21  Radar  shadow  of  surface  bed  projected  as 

bi  dj.  on  radar  image.  Long-dashed  line  re¬ 
presents  radar-image  plane  [14], 

Shadowing  [14] 

Shadowing  is  essentially  the  opposite  of  foreshor¬ 
tening.  Slopes  inclined  away  from  the  radar  are  in 
shadow  when  the  look  angle  0  plus  the  backslope 
angle  a"  are  greater  than  90°  [(9-oT)  >  it/2]  .  Sha¬ 
dows  are  caused  by  ground  features  that  obstruct 
the  radar  beam  and  prevent  illumination  of  the  area 
behind  them.  This  effect  occurs  on  Seasat  SAR  ima¬ 
ges  whenever  the  backslope  in  the  radar  viewing  di¬ 
rection  exceeds  about  70°.  It  is  shown  diagrammati- 
cally  in  Fig.  21.  Fig.  22  shows  clearly  the  shadows 
of  different  features. 

9.  BASIC  HARDWARE  CONSIDERATIONS 

8.1  PRINCIPAL  CONSIDERATIONS 

A  simplified  block  diagramm  for  a  SAR  is  shown  in 
Fig.  23. 

The  SAR  is  mounted  on  a  platform  moving  at  a  con¬ 
stant  velocity.  The  PRF  must  be  sufficiently  high 
to  avoid  azimuth  ambiguities.  This  criterion  requi¬ 
res  that  the  radar  platform  displacement  cannot  ex¬ 
ceed  one-half  the  antenna  size  between  successive 
transmit  pulses. 

In  a  SAR,  phase  stability  is  exceedingly  important. 
The  prime  oscillator  which  provides  the  signal  for 
the  transmitter  as  well  as  the  reference  for  the 
receiver  must  be  very  stable.  The  timing  of  the 
transmit  pulses  must  be  very  precise  with  respect 
to  the  prime  oscillator.  If  the  radar  platform  ve¬ 
locity  is  not  constant,  the  deviations  must  be  mea¬ 
sured  and  this  data  used  to  compensate  either  the 
incoming  signal  or  passed  on  to  the  signal  proces¬ 
sor  as  a  correction. 
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Fig.  22  Iller  river  and  a  channel  taken  by  DLR-SAR 
(C-band)  from  1820  m  altitude.  Resolution 
2  m  x  2  m,  scene  dimension:  768  m  x  768  m. 

The  altitude  of  the  trees  beside  the  road  in 
the  upper  left  corner  can  be  estimated  from 
knowledge  about  the  flight  geometry  and  the 
shadow  length's.  For  the  first  4  trees  from 
right  to  left  just  left  beside  the  left  brid¬ 
ge  result:  shadow  length's  between  35  m  and 
40  m  and  tree  altitudes  between  20  m  and  24  m 
(image:  Moreira,  DLR)  [12]. 


Fig.  23  Block  diagram  of  a  SAR  (schematically) . 

A  typical  SAR  transmitter  is  designed  to  overcome 
limitations  of  peak  power  in  components  and  to  sa¬ 
tisfy  stringent  azimuth  and  range  resolution  requi¬ 
rements.  High  resolution  in  azimuth  requires  strin¬ 
gent  phase  stabilities  from  pulse-to-pulse  and  over 
the  integration  time.  High  range  resolution  requi¬ 
res  wide  RF  bandwidths.  To  meet  the  signal-to-noise 
ratio  and  target  detection  requirements  correlation 
principles  and  pulse  code  modulations  can  be  used 
respectively  with  special  wave  forms. 

Electronic  circuits  using  a  voltage  controlled  os¬ 
cillator  can  provide  the  desired  transmit  pulse. 

The  output  from  the  high  power  amplifier  passes 
through  a  circulator  and  is  radiated  by  the  radar 
antenna.  The  received  signal  passes  through  the  sa¬ 
me  circulator,  is  amplified  (and  normally  pulse 
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compressed) .  (the  pulse  compression  circuit  can  use 
a  frequency  dispersive  delay  line  which  converts  a 
wideband  linearly  swept  FM  long  pulse  into  a  short 
pulse  signal  with  same  bandwidth.)  The  phase  of  the 
short  pulse  is  measured  by  the  phase  coherent  de¬ 
tector,  and  the  resultant  signals  are  delivered  to 
the  signal  processor. 

8.2  THE  DLR  E-SAR  AS  AN  REALISATION  EXAMPLE 


The  DLR  airborne  experimental  synthetic  aperture 
radar  system  E-SAR,  designed  and  manufactured 
at  the  DLR  Institut  fuer  Hochfrequenztechnik, 
is  a  research  tool  to  elaborate  SAR  related  prob¬ 
lems  concerning  both  system  performance  and  data 
analysis.  The  instrument  is  installed  on  board  a 
DLR  Dornier  DO  228  aircraft,  which  is  a  small 
STOL  aircraft  (STOL:  short  take-off  and  landing), 
offering  the  advantages  of  low  costs  and  operation 
from  airstrips  in  any  part  of  the  world. 

All  SAR  results  shown  here  have  been  obtained  with 
this  instrument. 

Since  the  beginning  of  1989  the  E-SAR  system  has 
been  flown  many  times  in  preparatory  campaigns  for 
the  European  Remote  Sensing  Satellite  ERS-1.  The 
German/ Italian  X-SAR,  which  will  fly  with  SIR-C 
on  three  Shuttle  Radar  Lab  missions,  and  the  French 
Radar  2000,  both  spaceborne  SAR  projects,  are  sup¬ 
ported  with  E-SAR  image  data. 

Applications 

The  E-SAR  is  a  high-resolution  SAR  operating  in  L-, 

C-  and  X-band  with  either  horizontal  or  vertical 
polarization.  Although  being  developed  mainly  for 
use  by  the  research  community,  commercial  lease 
opportunities  are  as  well  anticipated.  The  sensor 
is  versatile,  with  many  options  for  flight  and  ra¬ 
dar  configurations  and  image  products.  It  provides 
the  opportunity  to  image  areas,  wether  flat  or 
mountaineous  terrain,  ocean  or  ice,  with  excellent 
image  quality.  It  can  be  used  for  monitoring  resour¬ 
ces,  renewable  such  as  agriculture  and  forestry,  or 
nonrenewable  such  as  geological  resources.  Changing 
characteristics  such  as  urban  growth,  deforestation 
or  ocean  waves  also  can  be  monitored. 

The  System  Platform 

A  Dornier  DO  228  aircraft  equipped  with  modern  na¬ 
vigation  systems  like  a  laser  inertial  reference 
system  (IRS)  and  a  GPS  receiver  carries  the  E-SAR 
sensor.  Its  maximum  take-off  weight  equals  5980  kg. 
The  maximum  operating  altitude  above  mean  sea  level 
(MSL)  is  8000  m.  The  maximum  cruising  speed  is 
about  440  km/h.  For  SAR  operation  the  nominal  ground 
speed  of  the  aircraft  is  TO  m/s,  which  corresponds 
to  252  km/h. 

The  On-board  Segment 

The  radar  sensor  is  a  modular  designed  system,  which 
contains  three  different  RF-segments  in  L-,  C-  and 
X-band.  Pulse  generation  and  I/Q-detection  are  loca¬ 
ted  in  the  IF-section.  A  single  digital  conversion 
and  recording  system  is  used  to  store  the  SAR  raw  da¬ 
ta  on  high  density  digital  tape  (HDDT)  formatted  in 
the  SAR  580  HDDT  format. 

The  On-ground  Segment 

The  ground  segment  consists  of  the  following 
units: 

-  Radar  Raw  Data  Transkription 
A  SAR  580  High  Density  Tape  Transcription 
system  (HTS)  transcribes  the  raw  data  from 
HDDT  to  computer  compatible  EXABYTE  (Video 
8)  tapes.  A  further  data  transfer  to  con¬ 
ventional  CCTs  is  possible.  This  operation 


Fig.  24  E-SAR  sensor  system  blockdiagram  (RF-elec- 
tronics) . 


RF  centre  frequency,  L-band: 

1.3 

GHz 

C-band: 

5.3 

GHz 

X-band: 

9.6 

GHz 

IF  centre  frequency: 

300 

MHz 

System  bandwidth: 

120 

MHz 

SAW  chirp,  signal  bandwidth: 

100 

MHz 

expanded  pulse  length: 

4.98  |is 

compressed  (analogue)  pulse 

length: 

17 

ns 

Digital  chirp,  signal  bandwidth, 

narrow  swath  mode: 

90 

MHz 

wide  swath  mode: 

50 

MHz 

super  wide  swath  mode: 

18 

MHz 

expanded  pulse  length: 

5.0 

|is 

Antenna  gain,  L-band: 

14 

dBi 

C-band: 

17 

dBi 

X-band : 

17.5  dBi 

Antenna  3  dB  beamwidth, 

azimuth,  L-band: 

18 

Deg 

C-band: 

19 

Deg 

X-band: 

17 

Deg 

elevation,  L-band: 

35 

Deg 

C-band: 

33 

Deg 

X-band: 

30 

Deg 

Transmit  peak  power,  L-band: 

500 

W 

C-band: 

90 

W 

X-band: 

2500  W 

Receiver  noise  figure,  L-band: 

8.5 

dB 

C-band: 

4.0 

dB 

X-band: 

4.5 

dB 

Receiver  dynamic  range  with 

AGC/STC: 

>  40  dB 

Nominal  pulse  repetition  fre¬ 

quency  (PRF)  : 

952. 

.38  Hz 

Variable  PRF  range: 

+/-30  % 

Quantization  (I  or  Q) : 

6 

bit 

A/D  converter  dynamic  range 

(at  35  MHz) : 

25 

dB 

Sampling  rate,  narrow  swath  mode: 

100 

MHz 

wide  swath  mode: 

60 

MHz 

super  wide  swath 

mode: 

20 

MHz 

Echo  buffer  memory  capacity 

(I  or  Q) : 

2560  words 

Nominal  data  rate  on  high  density 

tape: 

28 

MBPS 

Maximum  recording  time  per  tape 

(14  inch  tape  reel): 

15 

min 

Spatial  resolution,  range  and  azi¬ 

muth,  narrow  swath  mode: 

2. 

,5  m  x  2.5  m 

wide  swath  mode: 

4. 

.5  m  x  4.5  m 

super  wide  swath  mode: 

11.! 

i  m  x  11.5  m 

Number  of  statistically  inde¬ 

pendent  looks: 

8 

Radiometric  resolution  (8  looks) : 

<  2  dB 

Geometric  distortion: 

les 

than  one  re- 

solution  cell 


Table  1  E-SAR  specifications. 
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Fig.  25  E-SAR  sensor  system  blockdiagramm  (digital 
electronics)  . 


[6]  Elachi,  Ch. 


(7)  Moreira,  A. 


[8)  Graf,  G. 


19]  Horn,  R. 


also  converts  the  SAR  580  HDDT  format  into 
the  SAR  580  video  signal  CCT  format  and  pro¬ 
vides  the  full  data  rate  in  a  single  channel 

transcription  mode.  [10]  Moreira,  J. 

-  E-SAR  Standard  SAR  Processing 

The  E-SAR  standard  SAR  processor  consists  of  thre 
basic  modules,  auxiliary  data  processing,  off¬ 
line  motion  compensation  and  focused  multi¬ 
look  SAR  processing.  The  development  was  carried 
out  in  DLR.  The  processor  output  is  calibrated 
and  available  in  form  of  a  standard  image  pro¬ 
duct.  [11]  Moreira,  J. 

Motion  Compensation 


The  DO  228  aircraft  is  fairly  sensitive  to  air  turbu¬ 
lence  and,  therefore,  not  very  well  suited  for  car¬ 
rying  a  SAR  sensor.  A  SAR  is  a  coherent  system  and 
flight  instability  causes  phase  errors,  which,  in 
turn,  defocus  and  distort  the  image  geometrically. 

This  problem  can  be  overcome  by  measuring  the  dyna¬ 
mic  behaviour  of  the  platform  and  correcting  the  SAR  [12]  Keydel,  W. 
data,  either  on  board  the  aircraft  or  on  ground.  Two 
methods  for  compensating  platform  motions  are  imple¬ 
mented  with  the  E-SAR,  one  using  an  inertial  Measu¬ 
rement  Unit  (IMU),  the  other,  the  "Reflectivity  Dis¬ 
placement  Method  (RDM)",  extracting  true  forward  ve¬ 
locity  and  Line-of-Sight  (LOS)  accelerations  out  of  [13]  Keydel,  w. 
the  radar  raw  data.  This  guarantees  that  the  E-SAR 
achieves  good  image  quality  with  high  spatial  and  ra¬ 
diometric  resolution. 
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ABSTRACT 

A  synthetic  aperture  radar  (SAR)  is  basically  a 
coherent  scatterometer  that  employs  a  coherent 
real  aperture  radar  with  highly  sophisticated  data 
evaluation  and  image  processing  capabilities.  The¬ 
refore,  the  coherence  of  the  system  is  very  impor¬ 
tant;  furthermore,  the  keypoints  for  SAR  are  data 
storage,  evaluation  and  processing.  These  facts 
entail  peculiarities  of  SAR  and  special  ambiguities 
which  are  different  from  those  arising  with  real 
aperture  radar  (RAR) .  The  objective  of  this  paper 
is  to  point  out  the  special  peculiarities  and  ambi¬ 
guities  of  SAR  in  comparison  to  the  corresponding 
properties  of  RAR.  Main  topics  in  this  connection 
are:  basic  peculiarities  like  range  dependency  of 
signal  to  noise  ratio,  azimuth  resolution  and  in¬ 
fluence  of  platform  velocity.  Furthermore,  range 
and  azimuth  ambiguities,  pulse  repetition  frequen¬ 
cy  limitations,  velocity  effects  and  phase  errors 
influence  on  SAR-image  that  cause  motion  compensa¬ 
tion  problems.  All  these  effects  will  be  explained 
together  with  different  contrast-equations  between 
the  target  and  clutter  signals  of  SAR  and  RAR. 

1.  INTRODUCTION 

A  Synthetic  Aperture  Radar  is  essentially  a  cohe¬ 
rent  scatterometer  or  real  aperture  radar  with  so¬ 
phisticated  data  evaluation  and  image  processing. 
Important  is  the  coherence  of  the  system.  However, 
storage,  evaluation  and  processing  of  the  data  are 
the  key  points  for  SAR.  The  use  of  a  synthetic 
aperture  in  connection  with  extremely  high  range 
resolution  methods  like  pulsecompression  requires 
a  high  degree  of  coherency  and  frequency  stabili¬ 
ty.  This  holds  also  if  pulse  compression  techni¬ 
ques  for  scatterometer  will  be  used.  However,  the 
combination  of  synthetic  apertures  with  pulse  com¬ 
pression  entails  requirements  for  frequency  adju¬ 
stable  oscillators  for  example  and  other  high  so¬ 
phisticated  components  and  this  makes  evident:  SAR 
requires  extreme  effort  not  only  with  respect  to 
software  but  also  to  hardware. 


These  facts  entail  peculiarities  of  SAR  and  special 
ambiguities  which  are  different  from  those  arising 
with  real  aperture  radar  (RAR) .  The  objective  of 
this  paper  is  to  point  out  the  special  peculiari¬ 
ties  and  ambiguities  of  SAR  in  comparison  with  si¬ 
milar  facts  of  RAR.  Basic  peculiarities  like  range 
dependence  of  signal  to  noise  ratio,  azimuth  reso¬ 
lution  and  influence  of  platform  velocity.  Fur¬ 
thermore,  range  and  azimuth  ambiguities,  pulse  re¬ 
petition  frequency  limitations,  velocity  effects 
and  phase  errors  influence  SAR-images  and  cause 
motion  compensation  problems. 

2.  BASIC  SAR-PECULIARITIES IN  COMPARISON  WITH  REAL 
APERTURE  RADAR 

For  complete  incoherent  scattering,  this  means  if 
there  are  many  independent  scatterers  within  the 
antenna  beam  and  for  a  pure  statistical  phase 
distribution  between  the  scattered  signals  the 
performance  of  radar  can  be  described  with  a  good 
validation  by  the  radar  equation.  The  decisive 
factor  is  here  the  signal  to  noise  ratio.  For  the 
detection  of  a  point  target  not  only  the  radar 
signal  itself  but  also  its  background,  the  clut¬ 
ter,  and  the  respective  contrast  between  signal 
and  clutter  is  most  important.  However,  each  ima¬ 
ging  radar  measures  and  uses  the  clutter  as  prima¬ 
ry  signal.  Therefore,  the  clutter  to  noise  ratio, 
C/N,  is  for  imaging  radars  decisive,  whereas  for 
point  target  estimation  the  contrast  between  si¬ 
gnal  and  clutter,  S/C  as  well  as  the  signal  to 
noise  contrast  S/N  is  essential. 

Table  1  shows  the  different  equations  for  area  and 
point-targets  and  for  real  and  synthetic  apertures 
and  the  respective  contrasts.  For  contrast  compu¬ 
tation  the  losses  in  all  equations  have  been  assu¬ 
med  as  identical  and  equal.  However,  this  is  nor¬ 
mally  not  the  case  and  it  shall  be  remarked  that 
normally  special  system  losses  are  dependent  on 
the  special  applied  techniques;  but  for  simplicity 
it  shall  be  allowed  here  to  take  all  losses  out  of 
consideration  in  order  to  reach  the  simple  compa- 


Point  Target 

Area  Target 

Contrast 

Real  Apertur 
(RAR) 

(S/N) c.ai  = 

P.v.  G2  X2  o 

(C/N) r».l  = 

P.v.  G2  X3  0o  •  ry 

(S/C)rMi  = 

0*1 

(4i)3  R4(kTcF) -B  fp  tp-Ltot 

<4n) 3  R3  (kTcF)  fp  Lt,0t 

0o-R-XryB-tp 

Synthetic 

Aperture 

(SAR) 

<S/N)sar  * 

P.v.  G2  X3  o 

(C/N) SAR  = 

G2  X3  0o  Ty 

(S/C) SAR  = 

0 

Ms) 3  R3  (kTpD^u-r.-Ltot 

(4*) 3  R3  (kT0F)2u-Ltot 

0o  ry  •  r. 

Improvement 

Factor 

(S/NJWlS/Nlp..!  = 

B-tp  X  R  fp 
ry  •  2u 

(C/NJsar/K/N),,..!  = 

f„  •  1 

2u 

(S/C)s*»/(S/C)rMl  = 
B-tp-R-X 

r.  •  1 

Table  1  Radar-  and  contrast  equations  for  real  aperture  radars  and  SAR. 
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rison  and  contrast  equations  in  table  1. 

(C/N)  =  received  clutter  to  noise  ratio,  (S/N)  = 
received  signal  to  noise  ratio,  Pave  =  average 
transmitter  power,  G  =  antenna  gain,  1  =  wave¬ 
length,  R  =  distance,  o  =  radar  cross  section,  o0 
=  radar  cross  section  per  unit  area,  k  =  Boltzmann 
constant,  Tc  =  290  K,  B  =  receiver  bandwidth,  F  = 
receiver  noise  figure,  fp  =  pulse  repetition  fre¬ 
quency,  tp  =  pulselength,  Ltot  =  losses,  u  =  SAR- 
velocity,  1  =  real  azimuth  diameter  of  SAR  anten¬ 
na,  ry  =  ground  range  resolution,  ra  =  prozessed 
azimuth  resolution. 

Table  1  shows  for  point  and  area  targets  as  well 
the  peculiarities  of  SAR  against  conventional  ra¬ 
dar.  It  shows  evidently  the  importance  of  the  pul¬ 
se  repetition  frequency  PRF  and  platform  velocity. 
For  the  point  target  case  the  dependence  of  azi¬ 
muth,  resolution,  bandwidth,  pulselength,  wave¬ 
length  and  distance  becomes  evident  while  for  area 
targets  the  real  aperture  length  plays  an  impor¬ 
tant  part.  Especially  the  expressions  in  the 
"Improvement-Factor-Line"  and  in  the  "Contrast- 
Row"  show  factors,  which  are  most  important  for  a 
comparison  between  RAR  and  SAR. 

In  order  to  increase  the  understanding  of  table  1 
it  should  be  mentioned,  that  there  are  basically 
two  SAR-techniques  called  the  focussed  and  the  un¬ 
focussed  techniques. 

Table  2  compares  the  maximum  azimuth  resolution 
and  maximum  synthetic  aperture  length  for  imaging 
radars  with  real  aperture,  focussed  and  unfocussed 
synthetic  aperture  for  a  real  azimuth  antenna- 
length  1. 

Real  Aperture  Radar 

max.  synthetic  aperture  length  1 

azimuth  resolution  X-R/l 


1.  The  maximum-azimuth  resolution  is  independent 
of  wavelength  and  distance. 

2 .  A  better  azimuth  resolution  can  be  reached  with 
smaller  real  antennas  and  not  with  larger  an¬ 
tennas  as  it  is  the  case  with  RAR  and  optical 
systems  respectively. 

3.  The  S/N  for  a  SAR  is  inversely  proportional  to 
the  platform  velocity. 

4.  The  S/N  for  point  target  detection  is  inversely 
proportional  to  the  third  power  of  range  and 
inversely  proportional  to  the  prozessed  azimuth 
resolution. 

5.  The  S/C  for  point  targets  is  independent  of  di¬ 
stance  R. 

3.  AMBIGUITIES 

Ambiguities  play  an  important  part  in  all  radar  consi¬ 
derations.  For  all  pulse-Doppler  radars  ambiguities 
exist  due  to  the  periodical  structures  of  the  signals. 
This  illuminates  the  fact,  that  the  pulse  repetition 
frequency  PRF,  fp,  will  be  the  decisive  factor.  Howe¬ 
ver,  ambiguities  can  also  be  responsible  for  the  choi- 
se  of  the  basic  radar  frequency.  The  principal  Dopp¬ 
ler  frequency  system  received  with  periodically  pulsed 
Doppler  radar  for  moving  configurations  is  shown  in 
Fig.  2  schematically. 


Amoltud*  a  Squint 

I  >nq*  „ 


Vt<-V  Stdetob* 

Moving  Tqrgot  \  j 


SKMob* 

/  v,»-v 

'l  A  Moving 

\ _ )r  r.» 


Unfocussed  SAR 


|vtp  f-PRF 


max.  synthetic  aperture  length 
azimuth  resolution 


Focussed  SAR 


max.  synthetic  aperture  length 
azimuth  resolution 


1/2  ^  (A-R) 


Ooavod  DoppMf-Froquoncy-Band  (unambiguous) 


t-ZPRF  t-PRF  I  t'PRF  I-2PRF 


Ambiguity  Level  'from  left* 


Table  2  Comparison  of  RAR,  focussed  and  unfocussed 
SAR. 


f-PRF  Ambiguity  Laval  'from  fight' 


Fig.  1  represents  the  maximum  azimuth  resolution 
of  different  radar  systems  versus  height  for  a  10 
m  antenna  length  1  typically  used  for  spaceborne 
SAR  as  it  is  installed  on  ERS-1  for  instance. 


Azimut  Ambiguity.  Puisespectra 


Fig.  2  Scheme  of  a  pulse  spektrum  and  of  azimuth 
ambiguities  caused  by  PRF. 

3.1  BASIC  AMBIGUITY  CONSIDERATIONS  FOR  RAR 

The  distance  between  main  spectral  lines  corres¬ 
ponds  strongly  to  PRF  and,  therefore,  holds  for 
the  unambiguous  Doppler  range 


Fig.  1  Azimuth-resolution  of  radar  systems  versus 
height,  real  antenna  length  10  m,  incidence 
angle:  45*. 


f  D  u  n  v  m  S  9 


anale-  45*  —  The  Doppler  frequency  fD  results  from  the  relative  ve- 

an’  e'  3  '  loclty  ur  between  radar  and  radar  target  following  the 

The  following  basic  peculiarities  of  a  SAR,  especially  relation  f°  *  2  u*/c  £- 


of  a  focussed  SAR,  in  comparison  with  a  conventional 
real  aperture  radar  (RAR)  result  from  table  1: 


This  leads  to  the  unambiguous  range  for  the  velocity 
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Urunajn  £ 


sampling.  With  bandwidth  B  =  afD  =  2fD  follows  from 
(2)  (1)  the  so-called  oversampling  ratio 


The  unambiguous  range  for  the  distance  measurement 
Run«m  is  given  by 


(7) 


Runara  ^  2  f  ’  ^ 

(This  holds  for  a  periodically  pulsed  radar  and  for 
small  tp.) 

A  combination  of  (2)  and  (3)  leads  to  the  ambiguous 
product 

c2  1 

Uunam  Runam  S  g—  ^ 

This  equation  shows  that  the  choice  of  frequency  for  a 
pulse  doppler  radar  limits  principally  the  possibility 
for  the  simultaneous  measurement  of  distance  and  velo¬ 
city  of  a  radar  target.  On  the  other  side  a  frequency 
limit  is  fixed  if  the  unambiguous  values  of  uunMl  and 
Runam  are  given.  Example: 

Uunam  »  300  m  s'1,  Runim  =  40  km, 

frequency  requirement:  f  S  1  GHz. 

These  relations  derived  for  a  single  RAR  hold  princi¬ 
pally  for  SAR  also.  The  equations  show  the  importance 
of  the  PRF  for  all  radar  considerations.  In  fact,  the 
PRF  is  the  central  radar  parameter  for  SAR.  The  ap¬ 
pointment  of  PRF  has  deep  going  consequences  for  the 
whole  SAR,  and  the  discussion  of  PRF  limitations  is 
widely  identical  with  the  discussion  of  the  ambigui¬ 
ties.  Range  ambiguities  will  result  if  the  PRF  is  too 
high,  following  in  principle  equation  (3) .  Azimuth  am¬ 
biguities  will  result  if  the  PRF  is  to  low,  so  that 
the  reflected  signal  phase  changes  by  2*  radians  ore 
more  between  two  successive  pulses.  However,  the  SAR 
ambiguities  are  not  only  controlled  by  the  waveform 
(represented  by  PRF  for  instance)  but  also  by  the  an¬ 
tenna  pattern. 

3.2  AZIMUTH  AMBIUITIES  FOR  SAR 


Basic  equation  for  azimuth  ambiguity  consideration  is 
equation  (1),  which  gives  a  lower  limit  for  the  PRF 
and  which  is  identical  with  the  requirement  of  the 
sampling  theorem.  fD  is  the  maximum  considered  doppler 
frequency: 


fD  =  sinp  -  P  ■  (5! 

u  is  the  platform  velocity  of  the  SAR  and  |)  the  angle 
against  the  antenna  mainlobe  direction.  (Normally  the 
mainlobe  of  a  SAR  antenna  is  vertical  to  the  velo¬ 
city-vector;  however,  squint  angles  are  possible  but 
not  considered  here  for  simplicity  reasons.)  From  (1) 
and  (5)  follows  for  small  antenna  beams  (fi  <  30") : 


For  the  half  power  beamwidth  f)hr  =  2P  and  because  of 
the  validity  of  Phr  =  1/1  follows: 


2u 

1 


s 


(6) 


This  equation  defines  the  lower  limit  of  PRF,  it  im¬ 
plies  that  the  transmitter  must  be  pulsed  before  the 
radar  platform  moves  a  distance  equal  to  one  half  the 
real  antenna  length.  The  basis  for  the  sampling  theo¬ 
rem  represented  by  (1)  is  the  use  of  ideal  low  pass 
limitation.  However,  this  condition  is  normally  not 
fullfilled  and  this  entails  ambiguity  levels  within 
the  used  doppler  band.  This  level  can  be  minimized  by 
increasing  the  PRF,  that  means  by  a  so-called  over- 


Figure  2  shows  the  spectral  parts  coming  from  the 
first  and  second  ambiguous  band  and  contributing  to 
the  desired  SAR  band  schematically  (5). 

The  described  ambiguity  is  mainly  PRF  conditioned. 
However,  a  main  influence  has  the  antenna  pattern 
which  is  partly  responsible  for  the  spectrum  shape. 
Fig.  2.  Especially  improper  (that  means  higher)  side- 
lobes  enable  the  SAR  to  receive  power  from  positive 
and  negative  squint  angles,  which  is  within  the  de¬ 
sired  frequency  band.  These  ambiguities  are  called 
dopier  squint  angle  ambiguities. 


Fig.  3,  4,  5  and  6  show  the  influence  of  PRF  on  azi¬ 
muth  ambiguities.  Fig.  3  shows  a  2-dimensional  re¬ 
presentation  of  a  radar  image  of  5  corner  reflectors 
and  Fig.  4  gives  the  same  image  in  3-dimensional 
representation  taken  in  X-band  with  a  PRF  of  952  kHz. 
Fig.  5  and  6  show  the  same  scene  taken  with  a  PRF  of 
238  kHz.  The  ambiguities  can  be  seen  evidently. 


Fig. 


Fig. 


azimuth  fmj 

4  3dimensional  representation  of  the  SAR  image  in 
Fig.  3,  PRF  952  kHz.  The  contours  on  top  repre¬ 
sent  -3  dB  values. 


Fig.  5  SAR  image  of  the  corner  reflector  configuration 
of  Fig.  3  and  4  taken  in  X-band  with  238  kHz 
PRF,  the  azimuth  ambiguities  clearly  can  be 
seen. 
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3.3  RANGE  AMBIGUITIES 

In  order  to  guarantee  a  range  unambiguity  an  equation 
similar  to  (3)  holds: 


+  2  c 


‘un  i 

7"  s  T  • 


+  2  ~ 


This  equation  defines  principally  an  upper  limit  for 
the  PRF.  However,  this  condition  cannot  be  fullfilled 


Fig.  7a  SAR  image  of  Zurich  airport  disturbed  by  si- 
delobe  ambiguities  caused  by  an  antenna  squint 
angle  of  6.8°  (Phr  =  12°);  near  range  2805  m, 
far  range  5355  m,  u  =  70  m  s"1,  X-W  (DLR- 
E-SAR  measurement  Horn,  Moreira) . 


azimuth  [m] 


-  / 


Fig.  6  3dimensional  SAR  image  of  Fig.  5.  The  con¬ 
tours  on  top  represent  the  3  dB  values  for 
the  mainlobes  and  the  -20  dB  values  of  the 
azimuthal  ambiguity  sidelobes. 

at  any  time,  it  can  be  incompatible  with  the  condition 
for  the  azimuth  ambiguity  and  in  this  case  one  makes 
allowance  for  range  ambiguities  and  tries  to  suppress 
these  ambiguous  signals  with  proper  antenna  pattern 
design  or  with  special  processing  procedures  respecti¬ 
vely.  Fig.  7a  shows  exemplarically  an  X-band  SAR  image 
with  ambiguities.  The  ambiguities  are  eliminated  in 
Fig.  7b. 

4.  PRF -CONSIDERATIONS 

It  has  been  already  mentioned,  that  the  PRF  is  a  deci¬ 
sive  factor  for  SAR-ambiguities.  However,  from  other 
point  of  view  the  PRF  has  deep  going  consequences  for 
the  effectives  of  a  SAR  also.  The  definition  of  PRF 
becomes  difficult  due  to  different  other  conditions 
and  limitations  which  have  to  be  fullfilled. 

There  are  principal  limitations  due  to  azimuth  ambi¬ 
guities,  range  ambiguities,  swathwidth,  complete  co¬ 
verage.  There  are  also  unallowed  PRF-bands  due  to  geo¬ 
metrical  variations  like  earth  curvature,  orbit  ex- 
centricity,  height  variations,  and  altitude  line 
echos. 


Fig.  7b  SAR  image  of  Fig.  7a,  correctly  prozessed  to 
the  squint  angle  6.8°;  all  ambiguities  are 
eliminated  (measurement  Horn,  Moreira) . 

viewing  geometry  is  fixed  by  other  reasons  (given  or¬ 
bit  height  of  a  satellite,  fixed  incidence  angle  etc.) 
the  PRF  must  be  tuned  to  selected  values.  Fig.  8  shows 
allowed  PRF-bands  for  a  satelliteborne  system  with  a 
fixed  depression  angle,  taking  into  account  the  varia¬ 
tion  of  the  local  orbit  height  [7],  The  white  ranges 
are  the  allowed  PRF-ranges,  m  is  the  number  of  the 
respective  range  ambiguities.  The  lower  limit  for  the 
PRF  with  respect  to  azimuth  ambiguity  is  also  given  in 
Fig.  8. 

The  result  is: 


le“ to  ,oil°- "  “*  ~ 


This  can  lead  to  the  request  of  switchable  PRF  for 


2u  ,  1 _  different  purposes  (shown  in  Fig.  9  as  necessary  due 

1  p  Run  ’  to  ALE-influences) .  Substituting  (9)  into  (6)  (consi- 

tp  +  2  — -  dering  the  equality  in  both  relations)  one  obtaines 

together  with  the  maximum  azimuth  resolution  relation 
The  choice  of  PRF  estimates  the  maximum  swath  width  R,  an  important  relation  between  swathwidth,  azimuth  re- 
or  vice  versa.  Principally,  an  impulse  needs  for  cros-  solution  and  SAR  velocity: 
sing  the  swath  the  time  t  -  2R,/c.  Herefrom  results: 

2u  R, 

c  T - *  c  .  (10) 

fp  4  •  <9> 

A  pulsed  radar  using  a  single  antenna  is  normally  un¬ 
able  to  receive  during  the  duration  of  the  transmissi¬ 
on  pulse,  it  is  blind  at  certain  slant  ranges.  If  the 
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platform. 

For  a  pulsed  radar  ALE  considerations  will  be  identi¬ 
cal  with  altimeter-considerations.  An  exanple  for  PRF- 
limitation  due  to  ALE  shows  Fig.  9  in  comparison  with 
Fig.  8.  For  m  =  12,  the  influence  of  ALE  leads  to  the 
request  of  PRF-switching  as  mentioned  in  the  previous 
section. 

5.  ANTENNA  PECULIARITIES 

Equation  (6)  gives  a  relation  between  the  real  azimuth 
diameter  of  the  SAR-antenna,  flight-velocity  and  the 
PRF: 


A  minimum  vertical  dimension  of  the  antenna  lv»rt  will 
be  estimated  due  to  the  necessity  to  focus  the  beam 
into  the  swath  width  Rg.  From  Fig.  2  in  lesson  1  and 
in  connection  with  (10)  the  following  relation  can  be 
derived  for  a  small  half  power  beamwidth: 

^  Pv  R  .  1 

Rq  =  .  ■  -  — r—“ - r— - -  .  (11) 

^  sindi  sinOi  lvert 


Fig.  8  Allowed  PRF-bands  versus  altitude  variations 
for  a  satellite,  X-band. 


SATELLITE 

X-Band 


From  (6)  and  (10)  follows  in  connection  with  (1.1): 
4uR  1 


c  sindi 


S  1. 


vert  ia2 


(12) 


Equation  (12)  gives  the  lower  bound  for  the  antenna 
area. 


m-  14 
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n>  *  7 

Ah/km  » 

Fig.  9  PRF  limitations  due  to  altitude  variations 
ah,  example  for  PRF  switching. 


6.  PECULIARITIES  AND  CONSTRAINTS  CAUSED  BY  PHASE  ERRORS 

Essential  for  the  effectivity  of  a  SAR  system  is  its 
phase  coherency.  High  quality  images  can  be  produced 
only  if  the  targets  phase  history  is  observed  along  a 
precisely  known  radar  translation.  However,  these  pha¬ 
se  history  is  normally  not  known  exactly.  Phase  errors 
usually  occur.  Principally  there  are  two  different  ty¬ 
pes  of  phase  errors: 

More  or  less  deterministic  errors,  caused  by  well 
known  geometry  effects  and  defined  instrumental  in¬ 
fluences. 

Statistical  errors  caused  by  instabilities  of  the  ra¬ 
dar  itself,  of  the  platform  or  of  the  propagation  path 
for  example. 

6.1  DETERMINISTIC  GEOMETRY  EFFECTS,  RANGE  CURVATURE 

In  lesson  1,  Cap.  3.2  the  "Depth  of  Focus"  has  been 
considered  and  in  Fig.  3  an  example  for  the  influence 
of  defocussing  on  a  SAR  image  has  been  shown  there. 

The  same  considerations  can  be  used  for  the  computa¬ 
tion  of  the  so-called  "Range  Curvature  Effect".  The 
range  curvature  (RC)  is  given  by 


RC  =  R.  -  Ro  .  (13) 


Th«  Altitude  Line  Echo 

The  allready  mentioned  altitude  line  echo  (ALE)  is  the 
radar  signal  coming  from  Nadir.  The  time  duration  of 
ALE  is  with  sufficient  accuracy  identical  with  the 
transmitter  pulse  duration  tp.  ALE  appears  earlier 
than  the  desired  swath  echo.  On  the  one  side  it  will 
be  more  attenuated  than  the  desired  signal  proportio¬ 
nal  to  the  sidelobe  level  of  the  antenna  pointing  in 
Nadir  direction  and  on  the  other  side  it  will  be  less 
attenuated  due  to  the  shorter  distance,  where  ALE  is 
resulting  from.  o0  has  normally  a  higher  value  for  Na¬ 
dir  direction  than  in  any  other  directions  and  this 
will  increase  the  ALE-signal  level.  Principally,  the 
ALE  can  be  used  as  a  reference  for  geometrical  cali¬ 
bration  as  well  as  for  altitude  estimation  of  the 


For  high  azimuth  resolution  application  a  long  in¬ 
tegration  time  is  required  and  image  degradation  may 
be  caused  if  the  time  delay  variation  corresponding 
to  (13)  reaches  the  same  order  or  exceeds  the  range 
resolution  cell  (tp/2)  for  a  pulse  radar.  From  (13) 
follows 

,  (U  Td)2 

RC  -  \  jj“  ,  (14) 

X2  R* 

RC  -  -  .  (15) 

16 
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By  this  the  importance  of  ra  is  evident.  In  compari¬ 
son  to  ry  follows: 


RC 


X2  Ro 
16  ry  r| 


(16) 


This  equation  gives  the  number  of  resolution  cells 
through  which  a  point  migrates  during  the  formation 
of  the  synthetic  aperture.  Ratio  values  in  excess 
of  0.3  will  normally  cause  image  degradation  and 
this  must  either  be  avoided  by  design  or  compensa¬ 
ted  during  signal  processing  (2). 


Other  so-called  deterministic  phase  changes  can  occur 
due  to  orbit  excentricity  of  satellites  and  each  rota¬ 
tion  effect,  which  can  normally  be  estimated  exactly 
or  due  to  antenna  influences  like  diagramme  deforma¬ 
tion  or  angle  switching.  Both  effects  can  be  measured 
and  estimated  exactly. 

6.2  PLATFORM  INSTABILITY  EFFECTS 

Fig.  11  shows  measured  displacements  in  the  line  of 
sight  of  an  airborne  SAR,  extracted  by  a  RDM  motion 
compensation  equipment. 


In  Fig.  10a  the  range  curvature  clearly  can  be  seen. 
However,  here  the  curvature  is  less  enough  to  avoid 
image  degradation. 

Fig.  10b  shows  the  influence  of  a  range  curvature  ef¬ 
fect  together  with  ambiguities  in  the  sidelobes  on 
the  pulse  answer  of  a  point  target .  Here,  a  degrada¬ 
tion  clearly  can  be  seen. 

processed  image 


Fig.  11  SAR  platform  line  of  sight  displacements 
extraction  from  SAR  raw  data  by  RDM  (DLR- 
E-SAR,  L-band,  measurement  Horn,  Moreira) . 

Fig.  12  shows  as  an  example  the  degradation  of  a 
point  target  imppulse  response  due  to  turbulences 
up  to  2  m  s'1  (RMS  1  m  s'1)  for  an  airborne  SAR. 


(lower  image)  show  as  well  as  the  range  com¬ 
pressed  data  the  influence  of  range  curva¬ 
ture. 


Fig.  10b  Impulse  response  of  a  point  target  disturbed 
due  to  range  migration  caused  by  range  curva¬ 
ture.  The  sidelobes  are  caused  by  ambiguity. 
The  2dimensional  representation  on  top  shows 
evidently  a  smearing  effect  (DLR-E-SAR,  Horn, 
Moreira) . 


Fig.  12  C-band  impulse  response  of  a  point  target 
for  DLR-E-SAR  degraded  by  phase  errors  due 
to  displacements  and  turbulence  (RMS  =  1  m 
s'1',  peak  value  2  m  s'1,  displacements  be¬ 
tween  -2  m  upto  4.5  m) . 

In  principle  these  effects  can  be  neutralized  by 
motion  compensation  by  measuring  the  dynamic  beha¬ 
viour  of  the  platform  and  correcting  the  SAR  data 
eighter  on  board  of  the  aircraft  or  on  ground.  Two 
methods  are  principally  possible,  eighter  the  mea¬ 
surement  using  an  Inertial  Measurement  Unit  (IMU) 
ore  a  procedure,  which  extracts  the  true  forward 
velocity  and  line  of  sight  changes  and  accelera¬ 
tion  out  of  raw  data  called  "Reflectivity  Displa¬ 
cement  Method"  RDM.  RDM,  recently  has  been  deve¬ 
loped  at  DLR  [9,  10] .  This  procedure  has  been  used 
to  exclude  the  errors  caused  by  aircraft  motion  and 
velocity  instabilities  during  the  processing  of  the 
images  shown  here.  In  the  DLR  approach  only  the  in¬ 
formation  in  the  radar  signal  has  been  used  for  mo¬ 
tion  compensation;  principally  no  intertial  platform 
or  other  equipment  for  measuring  details  of  the 
aircraft  motion  is  necessary.  This  method  enables 
the  estimation  of  deviations  of  the  aircraft  from 
an  ideal  path  as  shown  in  Fig.  11. 
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Obviously,  phase  errors  caused  by  atmospheric  and 
ionospheric  turbulences  in  principle  cause  the 
same  motion  errors  as  the  aircraft  instabilities. 
Therefore,  the  same  method  can  be  applied  for  the 
correction  of  phase  errors  due  to  propagation.  This 
implies  that  for  spaceborne  SAR  the  negative  in¬ 
fluence  of  atmospheric  and  ionospheric  turbulences 
to  a  large  extend  can  be  neutralised  when  they 
occur  [10]  .  This  results  in  an  increase  of  the  reso¬ 
lution  power  and  in  image  quality.  Therefore,  it 
seems  in  principle  that  for  spaceborne  SAR  a  dm 
resolution  can  be  reached.  However,  special  tech¬ 
niques  are  required  in  order  to  fulfill  power  and 
data  requirements  in  this  case. 

The  tolerable  platform  velocity  variation  Au  can 
be  computed  from  (18)  in  lesson  1.  The  radar  range 
R  at  the  ends  of  a  synthetic  aperture  (aft'’  the 
dwelltime  T0)  is: 


uTd 

R  =  v|  Rl  +  (~rr): 


The  differentiation  with  respect  to  u  delivers 


dR 

du 


4  R 


AR 

Au 


4  R 
U  Tg 


AR  . 


For  a  tolerable  range  error  of  1/16  follows  a  tolerab¬ 
le  velocity  component  au  (for  R  «  R0)  : 


4  RQ 


AU  = 


u  Tg 


1_ 

16 


R0  1 


(17) 


Fig.  14  Example  for  errors  in  SAR  images  caused  by 
phase  distortions  and  the  effect  of  motion 
compensation.  The  upper  image  is  distorted 
due  to  a  12  ?  velocity  variation,  the  lower 
image  shows  the  same  scene  after  a  motion 
compensation.  Scene  dimensions  are  1254  m  x 
1344  m,  ground  resolution  3  m  x  3  m  (measure¬ 
ment  Moreira,  Horn,  DI.R-SAR)  . 


Remarkable  is:  The  tolerable  Au  becomes  more  critical  for  a  moving  target  at  a  distance  R  the  displacement 
if  the  azimuth  resolution  is  improved.  ax 


Fig.  13  gives  the  measured  forward  velocity  variations  Utr 

of  an  airborne  SAR  during  a  flight  time  of  about  60  Ax  =  ±  R  -jj-  sinfl  .  (18) 

seconds . 


Fig.  13  Changes  in  forward  velocity  of  E-SAR  extracted 
from  DLR-E-SAR  raw  data,  L-band,  by  RDM  (mea¬ 
surement  Horn,  Moreira) . 

Fig.  14  shows  as  an  example  errors  in  a  SAR  image  due 
to  a  12  %  velocity  variation  and  its  corrections  with 
a  motion  compensation  procedure. 

6.3  TARGET  MOTION  EFFECTS 

Usually  a  SAR  signal  processor  locates  the  position  of 
a  non-moving  target  in  the  image  place  where  its  dopp- 
ler  frequency  is  zero.  If  the  target  is  moving  with  a 
radial  velocity  component  Utr,  then  it  imposes  a  Dopp¬ 
ler  shift  on  the  signal.  Thus  a  target  moving  towards 
the  radar  will  cause  a  shift  Ax  in  target  location  in 
the  flight  direction  of  the  radar  (and  vice  versa). 

If  the  radar  is  moving  with  a  velocity  U  than  results 


The  sign  in  (18)  depends  on  the  direction  of  the 
target  velocity  with  respect  to  the  radar.  An  exam¬ 
ple  for  image  shift  due  to  the  radial  component  of 
target  motion  is  shown  in  Fig.  15.  Ships  with  veloci¬ 
ty  components  radial  to  the  Seasat  SAR  orbit  plane 
have  an  image  displacement.  This  effect  can  be  used 
for  the  estimation  of  target  velocities  if  the  di¬ 
stance  between  the  SAR  and  the  targets  as  well  as  the 
velocity  of  the  SAR  is  known. 


Fig.  15  SAR  image  of  a  sea  surface  with  2  ships  taken 
by  SEASAT.  The  displacement  of  the  ships 
against  the  satellite  clearly  can  be  seen.  The 
opposite  displacement  against  the  wakes  cor- 
respondings  to  opposite  velocity  directions 
(processing:  DLR-WT-DA) .  Mean  displacement  is 
about  450  m. 

In  addition  to  radial  velocity,  radial  acceleration 
will  also  cause  image  distortions  such  as  defocus  in 
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azimuth  and  range,  range  walk  etc.  However,  the  most 
sensitive  effect  is  azimuth  defocus  [3], 

A  real  linear  array  is  to  be  considered  as  flat  as 
long  as  the  deviations  from  a  straight  line  are 
less  than  a  half  wavelength.  For  a  synthetic  array 
this  for  the  two  way  case  must  be  halved  due  to  the 
phase  coherency  conditions.  Therefore,  for  the  line 
of  sight  deviation  holds:  AR  s  1/4.  An  acceleration 
d2R/dt2  acting  for  the  whole  dwelltime  TD  corres¬ 
ponds  to  a  radial  position  error  AR  =  d2R/dt2  (if  a 
case  constant  acceleration  is  assumed) .  In  the  two 
way  this  coefficient  also  must  be  halved.  From 
these  considerations  results  with  equation  (14) 
from  lesson  1: 


<j2r  _ 2u2  ri 

dt2  2T§  R2-! 


(19) 


This  is  the  maximum  tolerable  acceleration  a  target 
may  have  in  line  of  sight  direction  of  a  SAR  or  the 
radar  platform  may  show  vice  versa.  (19)  is  a  basic 
equation  for  motion  compensation.  For  turbulence  di¬ 
sturbances  in  Fig.  12  mainly  acceleration  errors  are 
responsible. 


In  Table  3  several  sources  of  phase  errors  are  listed 
together  with  the  respective  errors  caused  within  SAR 
images.  The  Figures  16a  to  16d  show  as  examples  the 
influence  of  different  phase  errors  on  the  impuls  re¬ 
sponse  of  a  point  target. 


7.  REALIZATION  CONSIDERATIONS 


Atmosphere  and  ionosphere  produce  frequency  dependent 
distortions.  These  effects  set  an  upper  frequency  li¬ 
mit  due  to  attenuation  for  airborne  radar  (about  90 
GHz)  and  spaceborne  radar  (about  15  GHz)  and  a  lower 
limit  for  spaceborne  SAR  due  to  ionospheric  granulari¬ 
ties  (about  1  GHz) .  The  state  of  technology  sets  upper 
limits  as  well.  The  frequency  bands  available  for  ra¬ 
dar  surveillance  are  also  limited  due  to  internatio¬ 
nal  agreements. 


Like  other  electromagnetic  systems,  radars  enploy  ra¬ 
diation  with  polarization,  the  alignment  (relative  to 
vertical  or  horizontal)  of  the  electric  vector  in  the 
wave.  Polarization  on  both  transmit  and  receive  is  de¬ 
termined  by  the  antenna.  Scattering  objects,  such  as 
terrain  features  or  hard  targets  such  as  vehicles, 
have  radar  cross  sections  that  reflect  differently  in 
response  to  the  incident  polarization. 

In  principle  a  complete  description  of  a  radar  target 
can  be  given  only  if  all  like  polarized  and  cross-po¬ 
larized  amplitudes  and  the  respective  phases  of  the 
radar  signal  are  known.  Such  a  polarimetric  radar  gi¬ 
ves  all  possible  information  on  a  target  within  the 
relative  small  bandwidth  of  the  modulated  radar  car¬ 
rier  frequency. 

At  present,  technological  limitations  in  the  efficien¬ 
cy  of  radio  frequency  power  generators  are  important 
design  factors.  The  "radar  equation"  shows  an  increase 
of  the  average  power  necessary  for  higher  frequency 
ranges.  The  dependence  is  linear:  this  means  that  an 
X-band  SAR  needs  about  twice  as  much  power  as  a  C- 
band  SAR,  and  about  7  times  as  much  as  an  L-band  SAR. 
In  addition,  other  technological  difficulties  increase 
with  frequency.  Phased  array  antennas  (desirable  for 
beam  steering)  are  much  easier  to  realize  in  lower 
than  in  higher  frequency  bands.  In  L-  and  C-band  a 
realization  with  microstrip  technology  is  state  of 
the  art,  whereas  in  X-band  a  realization  of  a  large 
microstrip  antenna  with  sufficient  efficiency  for 
space  applications  seems  to  be  extremely  difficult. 
State  of  the  art  for  X-band  use  slotted  waveguide 
arrays  [11,  12] .  This  is  the  main  reason  for  the  sing¬ 
le  polarization  of  X-SAR  against  the  multipolarization 
capability  of  SIR-C. 

The  mean  transmitter  power  determines  the  distance 
from  which  a  radar  observation  to  a  certain  target 
can  be  successfully  made  and,  therefore,  the  orbit 
altitude  of  spaceborne  systems  is  power  limited. 
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Table  3  Effects  of  phase  errors,  caused  by  platform  or  target  motions  respectively  (the  relative  mo¬ 
tion  is  from  relevance  only),  as  well  as  caused  by  phase  jitter  Af  in  the  propagation  path 
and  in  the  SAR  electronic. 


2-9 


l - —t - 1 - r - r 


Tim*  [»] 


Fig.  16a  Impulse  response,  shifted  by  a  linear 
phase  error. 
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Fig.  16b  Impulse  response,  degraded  by  a  quadratic 
phase  error. 

Principally,  the  power  required  increases  with  the 
3rd  power  of  the  radar  distance.  (This  means  a  doub¬ 
ling  of  the  distance,  i.e.  the  orbit  height,  requires 
an  8-fold  multiplication  of  the  required  power) .  A 
larger  antenna  beams  more  power  to  a  required  area 
(expressed  through  the  so-called  antenna  gain)  than 
a  small  one,  and,  therefore,  a  large  antenna  would 
seem  to  be  favourable.  But  the  ground  resolution  of 
a  SAR  is  improved  for  smaller  real  antennas.  These 
considerations  lead  to  a  tradeoff,  which  must  be  ma¬ 
de  carefully  in  order  to  fulfill  a  satellite  SAR's 
requirements.  In  any  case  the  transmitter  power  is  a 
limiting  element  for  the  design  of  a  SAR  as  well  as 
the  antenna.  Todays  state  of  the  art  are  a  few  hun¬ 
dreds  watt  (mean  power) .  This  implies  requirements 
for  the  primary  power  supply  of  a  satellite.  State 
of  the  art  is  about  6  kW  to  10  kW.  These  require¬ 
ments  can  be  fulfilled  with  solar  power  generators 
and  atomic  generators  as  well.  The  antenna  dimen¬ 
sions  for  spaceborne  SAR  have  at  present  values  of 
about  2  m  x  15  m. 

8.  FUTURE  SAR  TECHNIQUES 

SAR  sytems  produce  a  tremendous  amount  of  data 
(examples  for  data-recorder  bitrates  on  the  ground: 

ERS-1  =  102  MBPS,  X-SAR/SIR-C  =  45  MBPS  per  chan¬ 
nel  (!),  DLR  airborne  E-SAR  =  28  MBPS).  Requirements 

for  simultaneous  high  resolution  and  large  swath 
widths  make  the  data  rates  higher.  All  requirements 
for  extensions  of  SAR  to  multifrequency  and  multipola¬ 
rization  capability  respectively  entail  a  multiplica¬ 
tion  of  the  data  rates  and  this  would  exceed  the  pre¬ 
sent  limitations  of  data  handling.  This  seems  to  be  a 
key  problem  in  all  high  resolution  imaging  systems. 
Therefore,  different  requirements  have  to  be  fulfil¬ 
led  in  order  to  handle  or  reduce  the  data  stream  of 
future  systems  either  by  means  of  onboard  processing 
or  with  development  of  advanced  SAR  systems  like  spot¬ 
light  SAR.  One  solution  is  to  increase  the  data  links 
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Fig.  16c  Impulse  response,  degraded  by  a  cubic 
phase  error. 
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Fig.  16d  Impulse  response,  degraded  by  a  random  high 
frequency  phase  errors. 

capacity.  A  reasonable  goal  would  be  250  Mbit  s_1. 
New  data  transmission  systems  with  splitted  data 
links  to  data  relay  satellites  or  ground  stations 
respectively  are  under  preparation. 

Data  storage  capability  has  to  be  increased  also. 

As  a  first  step  new  recorders  with  capabilities 
exceeding  100  Mbit  s'1  are  qualified  for  use  in 
space.  The  present  approach  is  to  use  more  than 
one  recorder,  i.e.  one  recorder  for  each  channel 
in  multipolarization  and  multifrequency  SAR,  as 
on  the  SIR-C  mission. 

Image  data  processing  capabilities  also  are  li¬ 
mited.  However,  this  processing  time  will  de¬ 
crease  rapidly  during  the  next  few  years  and  at 
the  end  of  the  decade  real  time  processing  with 
excellent  image  quality  will  be  possible. 

Requirements  for  high  resolution  and  wide  swath 
in  continous  strip  map  mode  are  in  conflict  with 
data  handling  capabilities,  and  with  require¬ 
ments  for  a  large  antenna  to  conserve  power. 
Therefore,  new  SAR  techniques  have  to  be  intro¬ 
duced  and  developed  which  allow  electronically 
steered  beams.  For  this  purpose  the  spotlight 
mode  and  Scan-SAR  modes  are  under  consideration. 

The  length  of  a  synthetic  antenna  corresponds 
to  the  section  of  the  flight  path  from  which 
one  target  stays  within  the  antenna  beam.  This 
fact  leads  to  the  requirement  for  wide  beams 
and,  therefore,  small  antennas  for  conventional 
high  resolution  systems.  The  same  effect,  how¬ 
ever,  can  be  reached  if  a  small  antenna  beam 
(from  a  large  antenna)  can  be  continuously 
pointed  at  the  target.  This  allows  also  a  lon¬ 
ger  synthetic  array  and,  therefore,  a  finer 
azimuth  resolution  [11).  However,  the  gain  of 
azimuth  resolution  entails  a  loss  of  coverage 
due  to  the  fact  that  during  the  continuous 
spotlight  illumination  of  one  small  surface 


2-10 


area,  the  sensor  passes  other  parts  of  the 
swath  which  are  not  illuminated.  Therefore, 
the  spotlight  mode  can  be  used  for  the  enlar¬ 
gement  of  a  sector  of  the  observed  swath  similar 
to  the  zooming  with  an  optical  camera.  The  Scan 
SAR  Mode  can  be  used  for  an  extension  of  the 
swath  in  radial  direction  using  more  than  one 
beam  generated  in  a  time  shared  manner.  This 
method  increases  the  swath  at  the  expense  of 
azimuth  resolution  [16  to  20].  A  spotlight  SAR 
in  orbit,  however,  would  be  a  rather  expensive 
enterprise. 

The  combination  of  all  modes  allows  variable 
resolution  and  swath  widths  as  well;  the  trade¬ 
off  between  resolution,  swath  width,  power  etc. 
leads  to  optimised  configurations. 
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1.  SUMMARY 

The  synthetic  aperture  radar  (SAR)  technique  re¬ 
lies  on  knowledge  of  the  relative  motion  between 
the  sensor  and  the  target.  If  the  flight  path  of 
the  sensor  is  not  accurately  known  or  the  SAR  pro¬ 
cessor  is  limited  in  its  ability  to  take  the 
flight  data  into  account,  the  SAR  image  will  be 
degraded.  Motion  errors  are  particularly  critical 
for  SAR  sensors  on  small,  low-flying  aircraft,  due 
to  turbulence,  and  where  high  spatial  resolution 
is  required. 

The  lecture  discusses  the  effects  of  motion  errors 
on  image  quality  and  the  requirements  on  the  sen¬ 
sor  and  processor  to  compensate  for  motion  errors . 
The  DLR  airborne  sensor,  E-SAR,  and  associated 
image  processor  will  be  used  as  examples .  Techni¬ 
ques  using  a  priori  knowledge  of  the  flight  path 
from  independent  sensors,  e.g.  inertial  navigation 
systems  (INS),  and  by  extracting  the  flight  data 
from  the  SAR  data,  e.g  autofocus  and  reflectivity 
displacement  method  (RDM),  are  treated. 

The  author  would  particularly  like  to  thank  J.  Mo- 
reira  and  S .  BuckreuB  whose  work,  referenced  be¬ 
low,  was  used  extensively  for  the  lecture. 

2.  INTRODUCTION 

Every  amateur  photographer  is  familiar  with  the 
blurring  of  his  photograph  if  the  camera  is  not 
held  steady  while  the  film  is  being  exposed.  The 
action  of  the  lens  focusing  the  scene  on  photogra¬ 
phic  film  results  in  the  scene  being  resolved  in 
angular  units.  Rotation  of  the  camera  in  any  plane 
will  cause  the  scene  to  move  across  the  film  and 
blur  tha  resulting  image. 

In  contrast  to  this  well  known  effect,  the  focu¬ 
sing  of  a  SAR  sensor  is  in  principle  insensitive 
to  angular  deviations.  This  is  because  the  sensor 
resolves  the  scene  in  terms  of  displacements  ra¬ 
ther  than  angles. 

In  the  plane  orthogonal  to  the  flight  path,  i.e. 
in  the  range  direction,  the  position  of  a  target 
is  determined  by  measuring  the  delay  of  the  tar¬ 
get's  echo  (range  delay).  The  spatial  resolution 
is  determined  by  the  length  and  bandwidth  of  the 
transmitted  pulse.  If  the  sensor  is  rotated  in 
this  plane  (roll  angle),  the  influence  of  the  an¬ 
tenna  gain  pattern  may  cause  the  strength  of  the 
echo,  i.e.  the  image  intensity,  to  vary  but  the 
delay  and,  hence  the  spatial  resolution  will  re¬ 
main  unaffected. 

Parallel  to  the  flight  path,  i.e.  in  the  azimuth 
direction,  the  scene  is  resolved  by  matched  filte¬ 
ring  the  Doppler  spectrum,  there  being  a  fixed 
correspondence  between  Doppler  frequency  and  the 
relative  position  of  the  target  on  the  ground.  The 
spatial  resolution  is  determined  by  the  spacing  of 
the  lines  of  constant  Doppler  and  the  bandwidth  of 
the  matched  filter.  Rotation  in  azimuth  produced 
by  pitch  and  yaw  will  have  no  Influence  on  the  li¬ 
nes  of  constant  Doppler  nor  on  the  matched  filter 
characteristics.  In  principle,  therefore,  the 


along-track  position  and  spatial  resolution  will 
not  be  influenced,  by  attitude  errors.  However,  if 
the  antenna  beam  points  to  a  different  part  of  the 
Doppler  spectrum  than  that  which  is  processed 
(filtered),  the  image  intensity  will  be  influen¬ 
ced.  Kith  serious  mismatch,  defocusing  will  occur, 
due  to  distortion  of  the  matched  filter  weighting 
function  and  errors  in  the  range  migration  correc¬ 
tion.  Also  ambiguous  responses  can  occur.  Antenna 
pointing  needs  to  be  known  to  process  the  SAR  da¬ 
ta,  or  the  processor  has  to  derive  it  by  analysing 
the  Doppler  spectrum.  The  latter  can  be  considered 
normal  processing  practice  and,  therefore,  in  the 
following,  these  effects  will  be  neglected. 

Whereas,  with  the  above  reservations,  the  focusing 
of  a  SAR  is  insensitive  to  angular  deviations,  de¬ 
viations  in  the  path  of  the  sensor  will  lead  to 
displacement  and  defocusing  of  the  target  in  the 
final  image.  The  path  of  the  sensor  does  not  need 
to  be  a  straight  line  but  it  must  be  known  with 
sufficient  accuracy  so  that  deviations  can  be  ta¬ 
ken  into  account  in  the  processing  of  the  SAR  data 
to  achieve  a  sharp  image.  This  process  is  often 
referred  to  as  motion  compensation. 

When  discussing  the  path  of  a  sensor,  the  question 
arises  as  to  where  the  reference  point  within  the 
sensor  is  located.  Displacements  of  the  sensor  are 
clearly  only  effective  on  the  propagation  path  of 
the  radar  signal.  Hence,  the  reference  point  wi¬ 
thin  the  sensor  is  the  phase  centre  of  the  anten¬ 
na,  i.e.  origin  of  the  spherical  far-field  wave- 
front.  The  phase  centre  is  the  point  from  which 
the  antenna  effectively  radiates.  For  many  antenna 
types,  the  phase  centre  is  outside  the  structure 
of  the  antenna,  e.g  dish  antennas,  where  it  is  lo¬ 
cated  behind  the  dish. 

Hence,  by  the  path  of  the  sensor  is  understood  the 
path  of  the  phase  centre  of  the  antenna.  If  the 
path  is  not  measured  directly  at  the  phase  centre, 
roll,  pitch  and  yaw  angles  need  to  be  known  to 
correct  for  the  offset.  Errors  in  these  angles 
will  then  lead  to  degradation  in  image  quality, 
further  contradicting  the  generalisation  above 
that  the  focusing  of  the  SAR  is  insensitive  to  an¬ 
gular  variations.  For  the  sake  of  simplicity,  the¬ 
se  angular  effects  have  been  neglected  below.  If 
needed  their  influence  can  be  derived  from  the 
formulas  provided. 

Clearly,  a  stable  flight  path  greatly  eases  the 
task  of  motion  compensation.  Satellite  platforms 
fall  into  this  category  even  though  in  some  cases, 
e.g.  space  shuttle  the  orbital  parameters  as  well 
as  the  attitude  can  be  poorly  defined.  The  real 
challenge  for  motion  compensation  is  presented 
when  SAR  sensors  are  flown  on  light  aircraft  due 
to  the  influence  of  air  turbulence  and  the  often 
frantic  effort  of  the  pilot  to  combat  it.  The  air¬ 
borne  SAR  sensor  of  the  DLR  (ESAR)  is  such  a  case 
[1]  and  will  be  used  as  an  example  in  the  follo¬ 
wing  analysis.  Fig.  1  shows  an  image  of  the  DLR 
centre  in  Oberpfaffenhofen  using  this  sensor  which 
exhibits  typical  degradations  due  to  motion  er¬ 
rors.  The  aircraft  was  deliberately  flown  to  pro¬ 
duce  motion  errors  which  can  be  seen  as  blurring 
of  the  image  (top  right)  and  geometric  distortion 
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of  the  runway  and  taxiways. 

In  the  following  analysis,  the  influence  of  motion 
errors  on  the  azimuth  imaging  properties  will  be 
discussed  first  as  this  is  far  greater  than  the 
influence  in  range.  The  analysis  closely  follows 
the  approach  of  BuckreuB  [2],  These  properties  are 
discussed  in  terms  of  the  impulse  response,  which 
is  the  response  of  the  SAR  sensor,  including  pro¬ 
cessing,  to  a  point  target. 
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Fig.  1  SAR  image  of  the  DLR  centre  in  Oberpfaf- 
fenhofen  exhibiting  strong  motion  errors. 

2.1  Impulse  Response  in  the  Azimuth  Direction 

Let  us  consider  first  the  azimuth  channel  of  a  SAR 
system,  where  the  platform  flies  in  a  straight  li¬ 
ne  (Fig.  2) .  The  coherent  integration  can  be  ex¬ 
pressed  by  the  convolution  of  the  backscattered 
signal  S (t ) ,  with  a  reference  function  H(t),  where 
Z (t)  is  the  inpulse  response. 

|Z(t)  I  =  | S (t)  *  H(t)  I  .  (1) 

The  returned  signal  S (t) ,  corrupted  by  a  phase  er¬ 
ror  *(t)  is  given  by 


S  (t) 


A0-e 


jf(t).J*<t) 

e  t 


(2) 


were  A0  is  the  amplitude  of  the  returned  radar  si¬ 
gnal  and  f(t)  is  the  nominal  phase  history  of  a 
point  target.  According  to  the  geometry  (see  Fig. 
2)  the  velocity  in  line  of  sight  (LOS),  is: 

VLos(t)  -  V-sin»A(t)  (3) 

where  V  is  the  forward  velocity  of  the  aircraft 
and  ®A  is  ther  angle  between  the  LOS  vector  and 
cross-track  plane  (azimuth  angle) .  For  small  va¬ 
lues  of  0A,  we  can  put: 

•*<t)  -  — *•  ,  (4) 

Jh2  + 

where  H  is  the  height  of  the  sensor  and  D  is  the 


Fig.  2  SAR  geometry,  where  P  is  a  target  on  the 
ground,  H  is  the  altitude  of  the  sensor, 

D  is  the  distance  of  the  target  from  the 
ground  track,  R0  is  the  slant  range  at 
closest  approach,  eA  is  the  azimuth  angle 
and  is  the  depression  angle  of  the  tar¬ 
get. 

distance  between  the  target  and  the  ground  track. 

Alternatively, 


»A<t) 


vt 

Ro 


(5) 


where  R0  is  the  range  at  the  point  of  closest  ap¬ 
proach  of  the  sensor  of  the  target. 


Integrating  and  defining  t  =  0  when  the  sensor  is 
at  the  point  of  closest  approach,  we  obtain  the 
slant  range  r: 


r  (t)  =  R0 


,  V2  t2 
Ro 


(6) 


Ignoring  the  constant  phase  expression,  the  two 
way  phase  change  e(t),  mentioned  in  Eq.  (2)  beco¬ 
mes: 


?<t) 


4x  V2  t2 
k  '  2 -R0 


Or, 


where  k  is  the  (7) 
radar  wavelength. 


fit) 


where 


(8) 


Hence,  the  nominal  phase  modulation  is  a  quadratic 
function  of  time,  i.e.  linear  frequency  modula¬ 
tion. 


Let  us  now  consider  deviations  from  the  nominal 
path  where  the  platform  is  displaced  from  the  no¬ 
minal  position  A  to  the  position  A'  (see  Fig.  3) . 
The  range  r'  becomes: 


r'  (t)  =  Ro  +  +  Ax(t)  -0A  - 

Ko 

-  4y(t)cos0b  +  Az(t)sin0£,  , 


(9) 


where  ax(t)  is  the  displacement  in  the  flight  di¬ 
rection,  Ay(t)  and  Az(t)  are  the  displacements  of 
the  platform  in  y  and  z  direction,  respectively, 
and  @d  is  the  depression  angle  of  the  target. 
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Fig.  3  Deviation  from  the  nominal  flight  path,  du  e 
to  turbulences. 

The  phase  error  4>(t)  is,  therefore: 


0(t>  =  -  f*  [AX (t) -0A(t)  -  Ay (t) 'COS0D  + 

*  (10) 

+  Az (t) sinSc] . 

From  equation  (10)  it  can  be  seen  that  the  in¬ 
fluence  of  the  motion  errors  in  the  x  direction  is 
independent  of  the  depression  angle  and,  there¬ 
fore,  of  the  position  of  the  the  target  within  the 
swath,  Whereas,  in  the  other  two  directions  (y  and 
z),  »d  needs  to  be  known.  Also,  it  is  evident  that 
the  variations  of  the  displacements  with  respect 
to  time  in  all  three  directions  is  reproduced  in 
the  phase  error,  a  linear  variation  in  the  displa¬ 
cement  manifesting  itself  as  a  linear  phase  error 
and  so  on. 


The  normalized  reference  function  H (t )  from  Eq.(l) 
is  given  by: 

ikt2 

H (t)  =  W(t)-TpP  -e  2  ,  -T/2  <  t  s  +T/1  ,  (11) 


where  T  is  the  aperture  time  and  W(t)  is  a  weigh¬ 
ting  function  to  suppress  sidelobes.  Often  a  Ham¬ 
ming  weighting  function  [4]  is  used: 


WH (t)  =  a  +  (1-a) -cos 


N  • 


a  =  0 .54  . 


Using  equations  (1),  (2),  and  (11),  the  impulse 
response  of  a  point  target  becomes: 


Z (t)  =  S(t)  * 


"(t>  *  \\ 


S(t) -H(t-I)  dt  .  (13) 


Z(t)  =  A0-f§^  •  f  e  2  •ej*,,)  •  W(t-t)  • 

*  -  Ik.t-,)2  <"> 

2 

Taking  the  absolute  value  of  Z(t),  we  approximate¬ 
ly  obtain: 

|Z(t)|  -  Ao •  Jf^1  •  J  »<t> -e"lktt  dt  .(15) 


the  phase  error  O(t). 

If  the  weighting  function  is  a  rectangular  window 

w (t) =  wR(t),  with 


WR(t)  =  1  for  |t|  £  T/2  and 
WR(t)  =  0  for  |t|  >  T/2 


(16) 


and  O(t)  =  0,  the  ideal  impulse  response  |z0(t)| 
becomes : 


j  Z  o  ( t )  |  =  Ao-T-I^ 


sin(ktT/2) 

ktT/2 


It  will  be  seen  below  that  the  phase  error  func¬ 
tion  *(t)  caused  by  motion  errors  can  lead  to  con¬ 
siderable  distortion  of  the  azimuth  impulse  res¬ 
ponse. 


2.2  Impulse  Response  in  the  Range  Direction 


Differentiating,  Eq.  (10)  we  can  obtain  expressi¬ 
ons  for  the  angular  frequency  error  ®(t),  due  to 
velocity  components  along  the  three  axes. 


®*(t) 

4  •  x  •  V 
1-R0 

■  ^AX 

+  t ’Ax (t) j  , 

(18) 

•y(t) 

4  •* 

=  X 

COS»d 

•  Ay (t)  , 

(19) 

02(t) 

4-x 

X 

sinBc 

•  AZ  (t)  . 

(20) 

The  first  term  in  the  brackets  of  Eq. (17)  repre¬ 
sents  the  frequency  error  resulting  from  the  di¬ 
splacement  in  flight  direction.  The  second  term 
shows  a  linear  relationship  between  angular  fre¬ 
quency  error  and  velocity  component,  it  being  pro¬ 
portional  V-t/Ro,  i.e.  the  azimuth  angle  eA.  This 
angle  is  the  sum  of  the  so-called  squint  angle, 
i.e  the  angular  offset  of  the  boresight  of  the  an¬ 
tenna,  and  half  the  azimuth  antenna  beamwidth. 

Eq. (19)  and  Eq.(20)  also  show  a  linear  relation¬ 
ship  between  frequency  error  and  velocity  compo¬ 
nent. 


Assuming  that  the  velocities  are  constant,  we  can 
now  calculate  the  phase  error  9p  across  the  trans¬ 
mit  pulse  length  ip; 


4px  4>x*Xp  f  ®py  ^y'tp  r  ^pz  ^z*tp  (21) 

Let  us  now  calculate  some  practical  values  for  the 
velocity  components  and  the  displacement  in  flight 
direction,  which  would  each  result  in  a  linear 
phase  error  of  x/2,  a  value  which  would  need  to  be 
achieved  to  influence  the  impulse  response.  The 
results  are  given  in  Table  2.  We  will  use  the  pa¬ 
rameters  for  a  typical  satellite  sensor  (ERS-1) 
and  airborne  sensor  (E-SAR)  given  in  Table  1. 


ERS-1 

E-SAR 

Velocity 

V 

7100 

75 

m/s 

Closest  approach 

Ro 

850 

4 

km 

Wavelength 

X 

0.0566 

0.0566 

m 

Depression  angle 

% 

20.55 

45 

deg 

Max. azimuth  angle 

®*m«x 

0.013 

0.14 

rad 

Pulse  length 

t 

37.1 

5 

M 

This  can  also  be  considered  as  the  Fourier  trans¬ 
form  of  the  weighting  function  W(t)  modulated  by 


Table  1  Sensor  parameters. 
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ERS-1 

E-SAR 

Ax 

-22830 

-75467 

m 

Ax 

-9339 

-6434 

m/s 

Ay 

130 

1274 

m/s 

Ax 

-346 

-1274 

m/s 

Table  2  Displacement  in  flight  direction 

and  velocities  resulting  in  a  phase 
error  across  the  pulse  of  x/ 2. 

The  values  in  Table  2  show  that  the  displacement 
and  velocities  necessary  to  influence  the  range 
impulse  response  are  far  higher  than  achievable 
with  both  satellite  and  aircraft  platforms.  Hence, 
motion  errors  can  be  considered  to  only  influence 
the  azimuth  impulse  response,  and  this  will  be 
concentrated  on  below. 

3.  CLASSIFICATION  OF  PHASE  ERRORS 

Let  us  consider  a  sinussoidal  phase  error  ®(t)  = 
4>0cos  (2mf 0t- Y0)  with  constant  frequency  f0  and 
constant  phase  shift  yo-  The  impulse  response  of  a 
point  target  from  Eq.(15)  becomes: 


+  oo 

X  J  Hit)  •  e j®ocos (2*f0t)  .  e-jktT  dt 

Equation  (22)  describes  a  Fourier  transformation 
of  the  product  of  the  weighting  function  W(t)  and 
a  frequency  modulated  signal.  This  corresponds  to 
the  convolution  of  the  Fourier  transformed  weigh¬ 
ting  function  W(t)  with  a  Bessel  function,  the 
latter  resulting  from  Fourier  transforming  the  FM 
signal.  Assuming  a  small  amplitude  of  the  phase 
error  4>0  «  1,  the  frequency  modulation  can  be  ap¬ 
proximated  by  an  amplitude  modulation  and  the  im¬ 
pulse  response  becomes: 


4  §*  -Zo(t 

-¥*]* 

+  ^  -z°[' 

(23) 


where  Z0  (t )  is  the  ideal  impulse  response  from 
Eq . (17) .  Eq. (23)  shows  we  obtain  one  main  impulse 
response  and  so  called  'paired  echoes',  located  at 
t  =  ±2xf0/k,  with  their  maximum  being  a  factor 
«0/2  below  the  main  lobe 

For  phase  errors  with  frequencies  above  1/T  the 
paired  echoes  are  spaced  away  from  the  main  lobe 
and  result  in  an  increase  of  the  sidelobe  level. 

In  general,  energy  from  the  mainlobe  is  transfer¬ 
red  to  the  sidelobes  decreasing  the  Integrated  Si¬ 
delobe  Ratio  (ISLR),  which  corresponds  to  a  loss 
of  contrast  in  the  image.  The  ISLR  is  defined  as: 


*<t) 


+  j  a  ( 0 )  t 3  + 


(24) 


where  p ( 0 )  is  the  position  error,  v(0)  the  veloci¬ 
ty  error,  a(0)  is  the  acceleration  error  and  4(0) 
is  the  derivative  of  the  acceleration  error  at  the 
beginning  of  the  synthetic  aperture. 


Fig.  4a  Impulse  response  with  no  phase  errors  and 
the  shift  due  to  a  linear  error  of  x  rad. 


Fig.  4b  Impulse  response  with  a  quadratic  phase 
error  of  x  rad. 


Energy  of  the  Mainlobe 

ISLR  =  - 

Energy  of  the  Sidelobes 

If  the  frequency  fo  of  the  sinusoidal  phase  error 
is  lower  than  the  reciprocal  aperture  time  1/T, 
i.e.  low  frequency  phase  errors,  the  paired  echoes 
will  merge  with  the  mainlobe  and  cause  its  defor¬ 
mation.  The  low  frequency  phase  error  can  be  ex¬ 
panded  into  a  Taylor  series: 


Each  term  causes  different  effects  on  the  image 
quality: 

•  The  constant  term  has  no  effect  on  the  image 
quality.  In  this  case,  the  aircraft  can  be 
supposed  to  fly  parallel  to  the  nominal  track 
and  a  different  area  is  mapped. 

•  The  linear  term  corresponds  to  a  shift  of  the 
mainlobe  in  azimuth  direction  causing  geometric 
distortions  of  the  image. 
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Fig.  4c  Impulse  response  with  a  sinusoidal  phase 
error  of  0.1  rad  amplitude  and  6  cycles 
across  the  interval  showing  paired  echoes. 

•  The  quadratic  term  causes  a  broadening  of  the 
mainlobe,  respectively  a  loss  of  geometric  and 
radiometric  resolution. 

•  The  cubic  term  causes  an  asymetric  distortion 
of  the  mainlobe  and  an  increase  of  the  side- 
lobe  level,  which  also  leads  to  a  degradation 
of  the  radiometric  resolution  and  a  loss  of 
contrast . 

Fig.  4  shows  examples  of  the  influence  of  linear, 
quadratic  and  sinusoidal  phase  errors  on  the  im¬ 
pulse  response  for  an-  airborne  sensor  with  a  nomi¬ 
nal  azimuth  resolution  of  2.45  m. 

4.  MOTION  COMPENSATION  REQUIREMENTS 

The  motion  error  of  a  platform  is  regarded  as  a 
stochastic  process,  which  is  assumed  to  be  statio¬ 
nary  and  ergodic.  Thus  it  can  be  described  most 
completely  by  a  power  spectral  density  (PSD)  (3], 

The  following  Eq. (25)  denotes  the  relation  between 
the  phase  error  PSD  G.(f)  and  the  PSD  of  the  dis¬ 
placement  of  the  platform  from  the  nominal  track 
Go(f).  Within  Eq.  (26)  and  Eq.  (27)  the  factor 
(l/2xf)2  corresponds  to  an  integration  in  the  time 
domain,  which  enables  the  conversion  from  the  ac¬ 
celeration  PSD  GA(f)  to  the  velocity  PSD  Gv(f)  and 
to  the  displacement  PSD  Gn(f). 


V£)  =  pr)2‘  Go(f)  ' 

(25) 

Coif)  »  Gv<f>  , 

(26) 

Cvlf)  -  kb)2'  GA(f>  . 

(27) 

The  components  of  the  platform  motion  in  x,  y  and 
z  direction  are  contributing  to  the  total  phase 
error  PSD  GA(f) . 

Using  Eqs.  (10)  and  (25),  we  get  for  the  x-axis 

G*(f>  “  •  (28> 

The  components  in  y-  and  z-direction  are  denoted 
as: 


G^f)  =  cos20d  •  [j5-]*  Goytf)  (29) 

and 

G^(f)  =  sin2®D  •  [p-]2  Gj)Z  (f )  ,  (30) 

where  G^lf),  Guy(f)  and  G^ff)  denote  the  displa¬ 
cement  PSDs  of  the  platform  in  x,  y,  z  direction. 

The  expected  image  quality  can  be  predicted,  if 
the  power  spectral  density  of  the  phase  error  is 
known.  In  the  following,  the  effects  of  the  phase 
errors,  classified  above,  are  expressed  by  means 
of  the  PSD. 

4 . 1  Linear  Phase  Errors 

At  first  we  consider  a  deterministic  sinusoidal 
phase  error  with  a  constant  frequency  fo  and  a 
constant  phase  shift  to» 

b(t)  =  *oCos(2xf0t-Y0)  •  (31) 

Expanded  into  a  power  series,  the  linear  term 
bL(t)  becomes 

4>L(t)  =  4>0'2xf0t  for  yo-*/2  .  (32) 

The  phase  history  of  a  point  target  e(t),  corrup¬ 
ted  by  the  linear  phase  error  •L(t)  can  be  denoted 
as 

*(t)  +  *L(t)  =  -  +  •o-2*f0t  .  (33) 

Thus  the  impulse  response  is  shifted  by  the  di¬ 
stance  1,  where 

1  =  Fv*  •  1341 

We  can  see,  that  the  shift  of  the  impulse  response 
is  proportional  to  the  slope  of  the  linear  phase 
error,  which  is  determined  by  b0  and  f0. 

Considering  all  frequencies  contributing  to  the 
linear  phase  error,  which  are  defined  by  G.(f), 
the  variance  of  the  shift  of  the  impulse  response 
oL2  can  be  evaluated  with 

l/T 

-  (frf*)2-  J  f2-vf>df  •  (35> 

0 

4.2  Quadratic  Phase  Errors 

Concerning  the  sinussoidal  phase  error  denoted  in 
Eq.  (31),  for  to=0,  the  quadratic  term  of  the 
power  series  becomes 

®Q(t)  =  •  (36) 

At  the  end  of  the  synthetic  aperture  when  t  =  T/2, 
the  quadratic  phase  error  is 

♦q(T/2)  =  ♦„  ■  .  (37) 

Considering  all  frequencies  contributing  to  this 
phase  error,  which  are  described  by  G4(f),  the  va¬ 
riance  Gq2  of  the  quadratic  phase  errSr,  measured 
at  the  end  of  the  synthetic  aperture  results  in 
the  expression 

8qz  .  iSClil  .  J  f«-G#(f)  df  . 


(38) 
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The  relation  between  the  mainlobe  broadening  and 
the  quadratic  phase  error  at  the  end  of  the  syn¬ 
thetic  aperture  *Q(T/2)  was  determined  empirical¬ 
ly,  by  correlating  a  simulated  backscatter  signal 
of  a  point  target  with  a  Hanning  weighted  referen¬ 
ce  function  (a  =  0.54)  and  is  described  by 
Eq.  (39). 

- 1  (39) 

1  +  0.55[V^/2)]2  ,  0  i  ♦q(T/2)  s  x 

The  ideal  resolution  is  denoted  as  pid.,1  and  the 
resolution,  which  is  degraded  by  a  phase  error  is 
P.ff-  For  example,  a  quadratic  phase  error  of  x/2 
at  the  end  of  the  synthetic  aperture  results  in  a 
mainlobe  broadening  of  6.6%. 

4.3  High  Frequency  Phase  Errors 

It  has  already  been  pointed  out,  that  phase  errors 
with  periods  below  the  aperture  time  T  will  have 
an  impact  on  the  integrated  sidelobe  ratio  or  the 
image  contrast.  According  to  Haslam  [4],  the  re¬ 
quired  expression  is 

ISLR  -  J  G0(f)df  (40) 

l/T 

4.4  The  Effect  of  Phase  Errors  on  Multilook  SAR 
Images 

The  multilook  technique  was  developed  to  reduce 
the  speckle  of  SAR  images.  This  can  be  achieved  by 
dividing  the  synthetic  aperture  into  overlapping 
subapertures,  which  are  finally  summed  up  incohe¬ 
rently.  The  impact  of  motion  induced  phase  errors 
on  each  look  can  be  calculated  with  Eqs.  (35), 

(38),  (39),  (40),  where  the  integration  time  of 
one  look  TN  has  to  be  taken  into  consideration. 

•  A  linear  phase  error  has  the  same  effect  on  a 
multilook  image  as  pointed  out  in  4.2.1:  Each 
look  is  shifted  in  the  same  direction  by  the  sa¬ 
me  distance. 


where  pi  is  the  mean  value  of  the  resolution  of 
one  look.  The  looks  were  evaluated  with  a  Hamming 
weighted  reference  function  and  finally  root  sum 
squared. 

4.5  Determination  of  the  Acceptable  Motion  Error 

The  acceptable  residual  motion  error,  which  re¬ 
mains  uncorrected,  represents  the  required  perfor¬ 
mance  of  the  motion  compensation  system.  The  fol¬ 
lowing  analysis  is  based  on  the  E-SAR  system  para¬ 
meters  given  in  Table  3  and  the  image  quality  spe¬ 
cifications  in  Table  4. 


•  platform: 

Domier  Do  228 

•  altitude: 

1000m  ...  3000m 

»  forward  velocity  (nominal) : 

V  =  lOm/s 

•  maximum  slant  range: 

R0=  6000m 

•  depression  angle: 

II 

O 

o 

o 

o 

•  antenna  beamwidth: 

Bb=  10° 

•  wavelength: 

XL=  0.2308m 

lc=  0.0566m 

kx=  0.0313m 

•  aperture  time: 

Tl=  15.0s 

Tc=  3.68s 

Tx=  2.03s 

•  azimuth  resolution  (1  look) : 

p  =  0.66m 

Table  3  System  parameters  of  the  E-SAR. 

•  Integrated  Sidelobe  Ratio: 

ISLR  =  -20dB 

•  loss  of  geometric  resolution 

<  10% 

•  pixel  shift: 

<  50%  of  one  re- 

solution  cell 

•  A  quadratic  phase  error  causes  a  mainlobe 

broadening  and  a  displacement  of  the  looks  from 
each  other. 


Table  4  Required  image  quality. 

4.5.1  Specification  of  the  PSD  for  an  Acceptable 
Motion  Error 


The  distance  dN  between  the  first  and  last  look 
E 5]  is  given  by 


Aar'TN-V 


where  or  is  the  nominal  Doppler  rate, 


«r 


2-V2 

k-Ro 


(41) 


(42) 


and  Aar  is  the  deviation  from  the  Doppler  rate  due 
to  the  quadratic  phase  error  *0,  which  is  given  by 


From  Eqs.  (41),  (42),  (43)  and  after  replacing  the 
look  displacement  dN  by  its  standard  deviation  oQN, 
we  get: 


oON  =  2  * \L-?. ' ?9  .  (44) 
x-V-Th 

The  mean  value  of  the  resolution  with  N  looks  pN, 
can  be  estimated  empirically  and  becomes  appro¬ 
ximately 


Pn 


+ 


(45) 


A  power  spectral  density  of  the  displacement  of 
the  aircraft  can  be  specified,  which  expresses  the 
allowable,  residual  motion  error.  The  specified 
PSD  of  the  displacement  is  denoted  as  GE,(f),  the 
measured  PSD  of  the  Domier  DO  228  aircraft  is 
denoted  as  G^lf).  The  PSD  Go, (f)  is  split  up  in 
subdivisions,  which  are  characterized  by  exponen¬ 
tial  functions,  depicted  as  straight  lines,  using 
a  double  logarithmic  scale  (Fig.  5) .  For  computa¬ 
tion,  Eqs.  (25),  (35),  (38),  (39),  (40)  were  used. 
The  coefficients  and  exponents  of  these  subfuncti¬ 
ons  were  adjusted  numerically  to  achieve  the  re¬ 
quirements  in  Tab.  4  for  L/C/X-band.  (^.(f)  is  li¬ 
mited  to  a  frequency  range  from  0.001  Hz,  which 
corresponds  to  a  maximum  duration  of  one  pass  of 
1000  seconds  or  appoximately  16  minutes,  to  an  up¬ 
per  boundary  of  2.2  Hz.  Frequencies  above  2.2  Hz 
would  cause  a  maximum  ISLR  of  approximately  -30  dB 
(X-Band)  and  are  not  considered  to  degrade  the 
image  quality  markedly.  The  result  is  given  by 
Eqs.  (46)-(50)  and  is  also  shown  in  Fig.  5.  The 
exponent  of  the  subfunction  (50)  was  intentionally 
set  to  zero,  to  reduce  the  degrees  of  freedom  for 
further  computation.  It  is  remarkable  that  in  this 
case  the  requirements  for  the  linear  phase  error 
turned  out  to  be  more  restrictive  than  the  requi¬ 
rements  for  the  quadratic  phase  error.  Thus  only 
Eq.  (35)  was  used  to  specify  the  low  frequency 
section  of  Go.(f) . 


f r«qutnc»  [Hi] 

Fig.  5  The  measured  PSD  of  the  motion  of  the  DO 
228  aircraft,  compared  to  the  specified 
PSD  of  the  acceptable  motion  error. 

GDa(f)  ■  6.46-10-5  .(TL.f)-3.s  (  (46) 

0.001Hz  <fs  1/Tl 

GD9<f)  -  3.41' 10"6  . (Tc.f)-2.093  f  (47) 

1/Tt  S  f  S  1/TC 

Go,(f)  •  4.11  •  10~8  ~  ■(Tx-f)-7-«s«  ,  (48) 

1/TC  <  f  S  1/TX 

GD,(f)  -  4.11-10-®  ,  1/TX  S  f  S  2.2  Hz  (49) 

Go.tf)  =  Gom(f)  ,  2.2Hz  S  f  <  ~  .  (50) 


rors  were  derived  from  the  PSDs  of  Fig.  5,  and  im¬ 
pulse  responses  were  computed  according  to  the  E- 
SAR  system  parameters,  using  a  Hamming  weighted 
reference  function  (o  =  0.54).  Typical  results  for 
C-band  are  depicted  in  Figs.  6-9.  The  impulse  res¬ 
ponses  of  Fig.  7  and  Fig.  9  are  normalized  to  the 
maximum  of  an  ideal,  unweighted  impulse  response 
|Z0  (t)  |  from  Eq.  (16) . 

The  required  transfer  function  S(f)  of  the  motion 
compensation  system  is  shown  in  Fig.  10  and  is  gi¬ 
ven  by 


T!fn»  [*] 


Fig.  6  Simulated  motion  error,  derived  from  the 
measured  PSD  of  the  aircraft. 


For  easier  interpretation  of  the  specified  PSD 
Gu, (f),  the  standard  deviation  aD,  of  the  displa¬ 
cement  from  the  nominal  track  in  line  of  sight  of 
the  antenna  can  be  calculated  using: 


In  this  case  the  forward  velocity  of  the  aircraft 
is  assumed  to  be  constant.  Thus  we  get  a  standard 
deviation  of  oDs  -0.4m  for  the  low  frequency 
section  of  Gu»(f)  for  L-,  C-  and  X-band.  This 
means,  the  RMS  deviation  from  the  nominal  flight 
path  should  not  exceed  40  cm  within  1000  seconds, 
to  keep  the  RMS  mainlobe  shift  within  33  cm. 


For  the  high  frequency  section  of  G^ff)  we  get 


L-band:  oD,  -  1.84mm  ,  1/Tt  s  f  s  - 
C-band:  oD.  -  0.45mm  ,  1/TC  s  f  s  - 
X-band:  oD,  -  0.25mm  ,  1/TX  S  f  S  - 


To  obtain  an  ISLR  of  -20  dB  in  L/C/X-band,  the  RMS 
deviation  from  the  flight  path  should  not  exeed 
0.8  %  of  the  used  wavelength  within  the  aperture 

time.  Pig.  7  simulated  C-band  inpulse  response,  degra¬ 

ded  by  phase  errors  due  to  Fig.  5,  compa- 

4.5.2  Simulations  red  to  an  undistorted  impulse  response. 


In  addition  to  theoretical  examinations,  the  ob¬ 
tained  results  were  verified  by  simulations,  based 
on  the  Monte  Carlo  method.  Therefore,  motion  er- 
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5.  MOTION  COMPENSATION  METHODS 


5.1  Flight  Path  Measurement  with  a  Strapdown 
Inertial  Measurement  Unit  (IMU) 

Within  a  strapdown  inertial  measurement  unit,  the 
sensor  elements  are  directly  mounted  to  the  air¬ 
craft  frame,  whereas  linear  motions  are  detected 
by  accelerometers  and  for  angular  rate  measure¬ 
ment,  gyros  are  used.  The  following  information  is 
usually  supplied  by  a  commercial  strapdown  system: 

•  aircraft  referenced  accelerations, 

•  aircraft  referenced  attitude, 

•  inertial  velocity, 

•  ground  speed, 

•  heading, 

•  position. 

To  obtain  this  information,  the  following  evalua¬ 
tions  have  to  be  made  by  a  strapdown  computer: 


Fig.  8  Simulated  motion  error,  derived  from  the 
specified  PSD  due  to  Eqs.  (46)  -  (50). 


•  compensation  of  the  rotation  of  the  earth  and 
the  transport  rate,  both  beeing  included  in  the 
gyro  signal, 

•  compensation  of  the  gravity,  included  in  the 
accelerometer  signal, 

•  computation  of  the  attitude  angles  of  the  air¬ 
craft  (pitch,  roll  and  yaw),  by  integrating  the 
angular  rates, 

•  transformation  of  the  accelerations  to  the 
earth  referenced  coordinate  system, 

•  computation  of  the  velocities  by  single  inte¬ 
gration, 

•  computation  of  the  actual  position  by  double 
integration. 

5.1.1  Systematic  IMU  Sensor  Errors 

The  inertial  sensors  may  produce  an  output  signal, 
although  the  IMU  system  is  actually  not  moved. 
Farrell  [6]  already  showed,  that  an  accelerometer 
bias  ab  leads  to  a  quadratic  phase  shift  and  a  cu¬ 
bic  phase  shift  arises  from  a  gyro  drift  <i>d. 

The  quadratic  phase  error  4>Q(t)  is  denoted  as 


•ab-tz 


(53) 


Fig.  9  Simulated  C-band  impulse  response,  corres¬ 
ponding  to  Fig.  7  with  an  acceptable  main- 
lobe  shift,  loss  of  resolution  and  ISLR. 


and  at  the  end  of  the  synthetic  aperture,  where 
t=T/2  we  get 


Kq(T/2)  = 


T  -ab-T2 


(54) 


Fig. 


10  Required  transfer  function  of  a  motion 
compensation  system  for  the  E-SAR. 


Talcing  the  E-SAR  parameters  for  L-band,  the  most 
critical  case,  we  obtain  for  a  phase  error  of 
(T/2)  =  x/2,  a  total  accelerometer  bias  of  ab  = 
104.6  |ig.  The  cubic  phase  shift  4>c(t)  is  given  by 


4s  1  3 

4>c(t)  =  —  -g  -g-oic-t3 


(55) 


where  g  is  the  gravity  of  the  earth.  With  t=T/2  we 
get 


»c(T/2)  =  l  -g-coa-T3 


(56) 


For  an  acceptable  cubic  phase  error  *c(T/2)  =  x/8, 
we  obtain  a  total  gyro  drift  of  cod  =  2.16°/h  for 
L-band  parameters. 

10  5.1.2  Errors  from  Digital  Data  Processing 

In  addition  to  the  phase  errors  induced  by  the 
aircraft  motion  or  by  the  inertial  sensors,  fur¬ 
ther  errors  will  occur  due  to  the  inperfect  solu¬ 
tion  of  the  motion  compensation  algorithms  and  of 
digital  data  processing  artefacts. 
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Using  a  digital  phase  shifter,  the  amplitude  of 
the  phase  error  4>(t)  can  be  adjusted  only  in  dis¬ 
crete  steps,  due  to  the  number  of  available  bits . 
The  variance  on2,  respectively  the  mean  power  of 
the  quantisation  noise  is 


where  as  is  the  quantisation  step  width. 

Quantizing  360°  with  N  bits,  we  get 

as  =  —  (58) 

2N 

and  finally,  from  Eqs.  (40)  and  (51),  the  ISLR, 
induced  by  the  quantisation  noise,  becomes 

.2 

ISLR  .  on2  =  — 1 —  .  (59) 

3  -22n 

5.1.3  Delayed  Phase  Adjusting 

Within  an  online  motion  compensation  system,  uti¬ 
lising  an  inertial  strapdown  system,  the  computa¬ 
tion  time  will  cause  a  delayed  phase  correction. 
Thus  a  residual,  uncorrected  phase  error  will  re¬ 
main,  causing  an  increase  of  the  ISLR.  Considering 
a  phase  error  <t>  (t )  =  <P0cos  ( 2 n f 0t ) ,  which  will  be 
corrected  after  a  time  delay  atd,  a  residual,  un¬ 
compensated  phase  error  4>re,  (t)  will  remain. 

4ceg  (t)  =  4>0cos  (2itf0t)  -®0cos  [2 nf o  (t-atd)  ]  (60) 

=  2-4'oSin()if0atd) -sin (2itf0  (t-atd/2)  ]  (61) 

The  residual  signal  is  sinusoidal  too,  with  the 
phase  error  frequency  fo-  Its  amplitude  depends  on 
tne  time  delay  atd,  the  frequency  f0  and  the  am¬ 
plitude  of  the  original  signal  «0- 

Considering  all  frequencies  and  amplitudes,  defi¬ 
ned  by: 

G -(f),  the  ISLR  can  be  evaluated  using  Eq.  (40! 
as: 

ISLR  >  4  ■  J  sin2  (itfatd)  -G^lfldf  :  (62) 

1/T 

5.1.4  Sampling  and  Holding  the  Detected  Motion 

Within  an  on-line  motion  compensation  system,  the 
phase  shifter  is  adjusted  in  time  intervals  at,. 
This  is  equivalent  to  sampling  and  holding  the 
phase  error. 

Considering  a  phase  error  4>(t)=  d>0cos  (2nf0t) ,  the 
power  of  the  residual,  uncompensated  phase  error, 
L, (t)  within  the  interval  at,  is  approximately 

at, 

L.(t)  -  |(4.02xf0t)2dt  =  |(at,-x-®0-f0)2  .  (63) 

*  0 

Thus  the  ISLR,  caused  by  sampling  and  holding  the 
detected  motion,  becomes 

ISLR  -  4<*-4t,)2  -J  f2-G<((f)df  .  (64) 

1/T 

5.1.5  Flight  Path  Correction 

Once  the  flight  path  has  been  determined,  it  has 
to  be  taken  into  account  during  the  processing  of 
the  SAR  data  to  ensure  an  undistorted,  well  focu¬ 
sed  image.  The  correction  for  the  errors  in  the 


flight-path  can  be  performed  online  in  the  sensor 
or  off-line  in  the  SAR  processor.  Thereafter  the 
data  can  be  processed  as  if  the  platform  moves  in 
a  straight  line  at  constant  altitude  and  parallel 
to  the  swath. 

From  the  flight-path  the  following  parameters  are 
derived. 

-  The  true  forward  velocity  is  used  to  correct 
the  range  independent  phase  errors  by  ensuring 
the  along  track  samples  are  equidistant.  This 
also  corrects  the  image  geometrically  along 
track. 

With  on-line  correction,  equidistant  sampling 
can  best  be  achieved  by  controlling  the  PRF  of 
the  radar,  i.e.  the  PRF  is  directly  slaved  to 
the  forward  velocity.  Off-line,  the  same  effect 
is  obtained  by  interpolating  the  data  in  the 
along-track  dimension. 

-  The  range  delay  of  the  sanqples  is  needed  to  en¬ 
sure  the  range  cells  are  correctly  aligned.  On¬ 
line  this  is  achieved  by  adjusting  the  delay  of 
the  digitised  echo  window.  Off-line  the  range 
cells  are  shifted  in  the  computer  memory. 

-  The  phase  of  the  data  in  each  range  sample  is 
corrected  according  to  the  true  slant  range  to 
eliminate  phase  errors.  On-line  this  can  be 
achieved  with  a  digital  phase  shifter.  Off-line 
the  data  can  be  corrected  by  shifting  the  phase 
mathematically. 

5.1.6  Example  of  Motion  Correction  using  an  IMU 
Sensor 

The  image  in  Fig.  1  wa3  taken  with  the  DLR  airbor¬ 
ne  SAR  equipped  with  a  LITEF  LTR-81  heading  and 
altitude  reference  system  supported  by  the  iner¬ 
tial  reference  system  of  the  aircraft.  The  air¬ 
craft  was  deliberately  caused  to  yaw  ±  2°  causing 
the  motion  errors  already  described. 

From  the  recorded  flight  path  data,  the  forward 
velocity  (Fig.  11)  and  phase  errors  (Fig.  12)  were 
derived. 


Forward  velocity 


T5«fi*  {■) 


Fig.  11  Forward  velocity  variation  for  the  example 
SAR  image. 

The  flight  data  were  used  to  correct  the  SAR  data 
and  the  resulting  image  is  shown  in  Fig.  13.  The 
image  is  now  well  focused  and  the  geometric  di¬ 
stortion  (runway  and  taxiways)  has  been  corrected. 
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ciple  of  the  method  is  based  on  the  misregistra¬ 
tion  of  the  looks  if  the  Doppler  rate  is  incor¬ 
rect.  An  error  in  the  Doppler  represents  a  quadra¬ 
tic  phase  error.  In  Section  4.1  we  have  seen  that 
the  shift  of  the  impulse  response  is  proportional 
to  the  linear  phase  error. 

Assuming  a  quadratic  phase  error  (see  Eq.  24) 

®(t)  =  j3-  a (0)  t2  .  t60) 

Differentiating  we  obtain: 

4>(t)  =  a (0)  t  .  (61) 

From  the  earlier  analysis  it  can  be  shown  that  the 
relative  position  of  the  impulse  response  becomes: 


Ro 

s  =  —  t  a  (0)  . 


(62) 


Fig.  12  Phase  error  profile  for  the  example  SAP 
image. 


For  two  looks  spaced  at  in  time,  the  misregistra¬ 
tion  between  the  locks  in  meters  is  given  by: 


Ro 

as  =  —  at  a  (0) 


(63) 


Hence,  the  coefficient  of  the  quadratic  phase  er¬ 
ror  a(0)  can  be  determined  from  the  misregistra¬ 
tion  of  the  looks.  Note  that  R0,  V  and  at  are  all 
known. 

The  misregistration  of  the  looks  can  be  determined 
by  correlating  them  to  determine  the  spacing.  Kno¬ 
wing  the  quadratic  phase  error  term,  the  Doppler 
rate  can  be  corrected. 

This  method  works  well  where  quads- xic  phase  er¬ 
rors  dominate.  This  is  the  case  where  the  platfo-m 
flight  path  is  stable  but  the  velocity  is  not 
known,  e.g.  satellite  sensors.  Higher  order  terms 
cannot  be  derived. 

The  method  requires  a  preliminary  processing  of 
the  image  before  correction  can  be  applied. 

5. 2. 1.2  Contrast  Optimisation 

This  method  is  based  on  the  re.ationship  between 
the  contrast  in  the  image  ai.d  the  Doppler  rate 
used  for  processing.  The  image  (or  p^rts  of  the 
image)  is  processed  and  the  contrast  is  measured 
by  calculating  the  ratio  of  the  deviation/mean  in¬ 
tensity  of  the  image.  It  can  be  shown  [7]  that 
this  ratio  is  directly  related  to  the  spatial  re¬ 
solution.  This  is  a  trial  ar.d  error  method  for 
finding  the  optimum  Doppler  rate  for  azimuth  pro¬ 
cessing  and,  hence,  requires  considerable  computer 
effort. 


Fig.  13  The  scene  from  Fig.  1  corrected  for  motion 
errors. 

5.2  Deriving  the  Flight  Path  from  the  Radar  Data 

5.2.1  Autofocus  Methods 

Autofocus  is  a  process  whereby  the  SAR  processor 
attempts  to  derive  the  data  necessary  for  accurate 
focusing  of  the  image  from  the  radar  data.  The 
following  methods  describe  typical  approaches. 

5. 2. 1.1  look  Misregistration  Method 

With  this  method  the  SAR  data  are  processed  to  ob¬ 
tain  a  two-)nok  image.  The  azimuth  processing  is 
performed  with  an  assumed  Doppler  rate.  The  prin- 


5.2.2  Reflectivity  Displacement  Method  (RDM) 

This  method  [3,  9)  of  motion  compensation  using 
the  SAR  data  is  the  most  comprehensive  and  in 
principle  is  capable  of  correcting  both  high  and 
low-frequency  errors  with  impressive  results.  The 
technique  analyses  the  frequency  spectrum  of  the 
SAR  data  after  range  compression  to  derive  the 
flight  path  of  the  sensor. 

Considering  the  deviation  from  the  optimum  flight 
path  in  terms  of  a  velocity  component  in 
line-of-sight  VLOS,  rather  than  displacements,  we 
can  write: 

2V(t)-eA  2-Vlos  <t) 

^Doppl«r  9  ^  ^  •  (64) 


POWER  (linear  seal*,  arbilrory  unit) 


3-1 1 


Assuming  the  forward  velocity  V (t )  is  constant  du¬ 
ring  the  period  under  consideration,  we  can  derive 
the  following  expression  for  the  frequency  shift 
between  two  adjacent  power  spectra  spaced  At  in 
time : 


Af, 


Doppler 


.  2  V2(t)-At  2  V,.ns(t)  -  At 
Ir  X 


(65) 


where  r  is  the  range  of  the  selected  range  samp¬ 
les.  We  see  the  frequency  shift  can  be  separated 
into  two  components,  one  dependent  on  the  forward 
velocity  and  one  dependent  on  the  acceleration  in 
line  of  sight. 

The  spectrum  of  the  SAR  data  in  azimuth  is  a  con¬ 
volution  of  the  antenna  pattern  and  the  ground 
reflectivity  function.  If  the  antenna  pattern  is 
broad  enough  not  to  influence  the  ground  reflecti¬ 
vity  function  or,  if  it  can  be  corrected  for,  the 
frequency  shift  can  be  determined  by  correlating 
the  two  adjacent  azimuth  spectra.  If  At  is  much 
smaller  than  the  azimuth  illumination  time,  the 
frequency  shift  AfDoppler  can  be  determined  very 
accurately. 

Fig.  14  shows  two  such  spectra  for  the  E-SAR  air¬ 
borne  sensor  operating  in  L-band  with  a  time  offs¬ 
et  At  of  1.075  s. 


Fig.  15  Correlation  of  the  azimuth  power  spectra 
form  Fig.  14. 


FREQUENCV  (Hi) 


Fig.  14  Two  adjacent  azimuth  power  spectra  taken 
with  a  time  offset  At  =  1.075  s. 

Fig.  15  shows  the  corresponding  correlation  func¬ 
tion  yielding  a  AfDoppler  of  12.1  Hz. 

The  next  step  in  the  RDM  method  is  to  consider  the 
power  spectral  density  of  the  forward  velocity  and 
the  acceleration  in  LOS.  Fig.  16  shows  the  PSD  for 
the  E-SAR  aircraft,  a  twin-engined  Dornier  228.  It 
can  be  seen  that  the  velocity  variations  are  mai¬ 
nly  low-frequency  whereas  the  accelerations  in  LOS 
are  mainly  high  frequency.  This  is  true  for  most 
airborne  platforms  where  the  forward  momentum  is 
much  higher  than  in  other  directions. 

This  phenomenon  enables  the  forward  velocity  and 
acceleration  influences  to  be  separated  in  Eg. 

(65)  by  filtering  the  values  of  AfDoppl.r.  For  the 
above  examples,  the  filter  cut-off  frequencies  are 
at  0.05  and  0.1  Hz. 

This  procedure  enables  the  forward  velocity  and 
acceleration  to  be  determined.  From  these  parame¬ 
ters,  the  necessary  corrections  of  the  SAR  data 
can  be  carried  out.  Fig.  17  shows  an  example  with 


FFT-mmtl 1  0.05Hz  0.1MZ 


Fig.  16  Power  spectral  density  of  the  forward  ve¬ 
locity  and  acceleration  in  LOS  for  a  DO 
228  aircraft. 
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Fig.  17  Image  taken  in  C-band  with  the  E-SAR  sen¬ 
sor  with  12  %  velocity  variations.  The  up¬ 
per  image  is  uncorrected  and  the  lower  one 
corrected  using  the  RDM  method. 
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the  E-SAR  sensor  operating  in  C-band  with  12  %  ve¬ 
locity  variations.  The  upper  image  is  processed 
with  constant  velocity  and  the  lower  one  with  the 
processing  parameters  corrected  using  the  RDM  me¬ 
thod.  The  defocusing  visible  in  the  upper  image  is 
eliminated  after  motion  compensation. 

6.  CONCLUSIONS 

The  influence  of  motion  errors  on  SAR  images  has 
been  discussed  and  the  requirements  for  a  compen¬ 
sation  system  derived. 

Several  methods  of  compensation  have  been  discus¬ 
sed,  the  use  of  inertial  platforms  and  the  RDM 
method  showing  the  best  results. 

As  an  alternative  to  using  inertial  platforms,  it 
would  be  attractive  to  use  the  satellite  naviga¬ 
tion  system  GPS,  being  a  much  cheaper  solution. 

A  GPS  receiver  is  used  in  the  E-SAR  airborne  SAR 
to  provide  absolute  position  of  the  aircraft.  Ho¬ 
wever,  due  to  the  deliberate  errors  introduced 
into  the  GPS  data  by  the  GPS  operator  (selective 
availability),  the  data  are  not  accurate  enough 
for  motion  compensation  of  the  SAR  data  and  they 
are  only  used  for  annotation  purposes.  Note,  that 
the  selective  availability  degradation  particular¬ 
ly  influences  the  velocity  measurements.  The  use 
of  an  additional  stationary  GPS  receiver  to  com¬ 
pensate  for  these  errors  (differential  GPS)  could 
provide  an  attractive  method  for  measuring  the 
flight  path  and  is  worth  investigation. 

An  additional  method  of  improving  image  quality 
was  suggested  by  Chan, the  so-called  tuned  auto 
compensator  [10]  .  This  method  analyses  strong 
point  targets  to  identify  paired  echoes.  From  the¬ 
se  the  high-frequency  phase  errors  can  be  derived. 
The  method  requires  much  trial  and  error  and  can, 
therefore,  only  be  regarded  as  an  augmentation  of 
other  techniques. 


Table  5  summarises  the  capabilities  of  the  various 
methods . 


Method 

Forwa rd 
velocity 

Low-frequ. 
errors  in 
LOS 

High-frequ. 
errors  in 

LOS 

Inertial 

measure¬ 

ment 

yes 

yes 

yes 

Look 

misregi¬ 

stration 

either  or 

no 

Contrast 

optimi¬ 

sation 

either  or 

no 

Tuned 
auto  com¬ 
pensator 

no 

no 

yes 

RDM 

yes 

yes 

yes 

Table  5  Comparison  of  the  capabilities  of  the  va¬ 
rious  motion  compensation  methods. 
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SUMMARY 

For  a  SAR  system  flying  on  an  airborne  or  space- 
borne  platform,  the  real  antenna  must  be  designed 
in  such  a  way  so  as  to  avoid  ambiguities  and  ach¬ 
ieve  the  envisaged  resolution. 

Although  a  SAR  is,  with  respect  to  geometric  azi¬ 
muth  resolution,  independent  of  its  distance  from 
a  target,  the  ground  range  resolution  depends  on 
the  incidence  angle  and,  of  course,  on  the  band¬ 
width  dependent  slant  range  resolution. 

The  antenna  size  and  its  half  power  beam  width 
(HPBW)  in  azimuth  and  elevation  define  its  azimuth 
resolution  and,  for  a  given  off-nadir  angle  and 
chosen  altitude,  the  swath  width. 

The  minimum  antenna  size,  measured  in  wavelengths, 
depends  on  the  altitude,  velocity  of  platform  and 
chosen  off-nadir  angle.  In  real  antenna  design, 
the  aperture  size  will  be  somewhat  larger  in  order 
to  allow  for  amplitude  taper  (at  least  in 
elevation) ,  for  electronic  beam  steering  and  pos¬ 
sibly  for  beam  shaping. 

This  paper  explains  the  interdependence  of  antenna 
parameters  with  SAR  system  performance. 


1.  INTRODUCTION 

Spaceborne  imaging  radars  and,  in  many  cases,  air¬ 
borne  imaging  radars  require  enormous  antenna  di¬ 
mensions  (measured  in  wavelengths)  if  real  apertu¬ 
re  systems  are  envisaged  for  ground  resolutions  of 
several  metres  or  less.  Such  large  apertures  can 
neither  be  launched  into  space  nor  installed  on 
high  flying  aircraft.  Coherent  RF-technology  al¬ 
lows  the  composition  of  a  synthetic  aperture 
length  in  flight  direction,  which  defines  the  azi¬ 
muth  resolution,  while  in  the  orthogonal  direction 
(in  range)  resolution  is  achieved  by  the  short  ra¬ 
dar  pulse  length  or,  if  chirp  modulated,  by  the 
compressed  pulse  length. 

A  schematic  view  of  SAR's  illumination  geometry  is 
illustrated  in  Fig.  1. 

Each  target  within  the  footprint  of  the  real  aper¬ 
ture  antenna  will  be  illuminated  during  the  time 
needed  to  fly  along  one  synthetic  aperture  length, 
which  corresponds  approximately  to  the  length  of 
the  footprint.  The  data  takes  are  characterized  by 
time,  Doppler  frequency  and  distance  between  the 
flying  (or  orbiting)  real  aperture  antenna  and  the 
target  (Fig.  2).  These  data  are  the  input  for  a 
SAR  processor  which  generates  the  SAR  images. 

Two  steps  are  generally  performed  by  a  SAR  proces¬ 
sor.  Firstly,  the  data  are  range  compressed,  that 
means  correlated  with  the  range  reference  functi¬ 
on.  Accordingly,  one  could  imagine  that  this  step 
produces  as  many  fan  beams  as  range  bins  are  fo¬ 
reseen.  The  HPBW  of  one  such  fan  beam  in  range  is 
dependent  on  the  slant  range  resolution  and  the 
incidence  angle;  the  HPBW  in  azimuth  is  still  ap¬ 
proximately  equal  to  the  HPBW  of  the  real  aperture 
antenna.  Secondly,  azimuth  compression  is  perfor¬ 
med,  which  means  that  the  data  are  correlated  with 


cell 

Fig.  1  Coordinate  system  and  illumination  geometry. 

the  azimuth  reference  function  (Doppler  function) 
along  the  synthetic  aperture  length.  This  step 
creates  the  synthetic  aperture;  accordingly,  it 
reduces  the  azimuth  HPBW  of  the  multiple  fan  beams 
in  relationship  to  the  synthetic  aperture  length, 
resulting  in  a  ground  resolution  of  approximately 
half  the  real  antenna  length  for  a  single  look 
image. 

It  should  be  noted  that  the  illustration  of  res¬ 
olution  cells  created  by  multiple  beams  across 
range,  which  are  sweeping  along  the  azimuth  direc¬ 
tion,  is  only  one  possibility  of  describing  SAR. 

It  does  not  include  illumination  geometry,  that 
means  changing  incidence  angle  direction  and  value 
during  a  flight  along  one  synthetic  aperture 
length. 


2.  GEOMETRIC  RESOLUTION.  ANTENNA  APERTURE  AND 
SWATH  WIDTH 

It  is  important  to  understand  the  improved  along 
track  resolution  of  a  synthetic  aperture  antenna 
in  comparison  to  a  real  aperture  antenna  of  the 
same  length  1  and  same  azimuth  aperture  taper  fac¬ 
tor  ahr.  To  explain  this,  we  assume  an  antenna 
carrying  platform  passing  a  target.  In  the  case  of 
a  real  antenna,  the  target  will  be  fully  illumina¬ 
ted  if  the  Doppler  frequency  is  zero.  The  antenna 
beam,  originating  from  the  phase  center  of  the  an¬ 
tenna,  is  orthogonal  to  the  flight  direction 
(Fig.  3).  Resolution  is  given  by: 

■  H 

r*E  =  cos#  ^hr  '  (1) 


Constant  Doppler  Hyperbolae 


Fig.  3  Very  long  real  aperture  antenna  illuminates  a  target  The  Doppler  frequency  shift  of  the 
backscattered  signal  corresponds  to  the  one  way  case. 
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flight  direction 


Fig.  4  Synthetic  aperture  antenna  illuminates  a  target.  The  signal  from  the  real  aperture  antenna 
propagating  to  the  target  undergoes  already  a  Doppler  shift;  the  backscattered  signal  is 
"Doppler  shifted"  again  resulting  in  twice  the  value  of  the  one  way  case. 


H  =  altitude  of  antenna  above  ground, 
fl  =  off-nadir  angle  (-  incidence  angle), 


azimuth  HPBW  Bhc 


wavelength. 


,  i 
ahr  x 


the  HPBW  of  the  synthetic  aperture 


&h3  ahs  2L 


(4) 


(2) 


The  signal  reflected  from  the  target  reaches  the 
different  parts  of  the  real  aperture  antenna  with 
a  phase  distribution  corresponding  to  the  one  way 
distance.  The  Doppler  frequency  occurring  at  the 
different  parts  of  the  moving  "long,  real  aper¬ 
ture"  antenna  represent  also  the  one  way  case. 

In  the  case  of  a  synthetic  aperture  antenna,  a 
small  signal  source  (phase  centre)  flies  along  the 
synthetic  aperture.  We  have,  therefore,  a  two  way 
case  for  the  phase  difference  along  the  synthetic 
aperture  (Fig.  4),  which  means  that  phase  diffe¬ 
rences  (or  Doppler  frequency)  are  twice  the  values 
achieved  in  the  real  aperture  case  of  the  same 
length.  This  phenomenon  causes  a  phase  change  of 
180°  twice  as  fast  as  in  the  case  of  the  real 
aperture  antenna,  meaning  that  the  nulls  of  the 
synthetic  aperture  antenna  main  beam  have  a  spa¬ 
cing  which  is  half  of  the  real  aperture  antenna. 

Therefore,  a  synthetic  aperture  antenna  has  an 
along  track  resolution  (HPBW  of  SAR)  which  is  ap¬ 
proximately  twice  as  good  as  for  the  case  of  a 
theoretical,  real  aperture  antenna  of  the  same 
length.  The  along  track  (azimuth)  resolution  for  a 
single  look  image  is  given  by 


ah3  =  azimuth  aperture  taper  factor, 

L  =  length  of  synthetic  aperture. 

The  HPBW  of  the  real  aperture  antenna  which  flies 
along  the  synthetic  aperture  (the  antenna  is  much 
smaller  than  in  the  above  mentioned  comparison)  is 
used  for  the  definition  of  the  antenna  footprint. 
The  length  of  the  synthetic  aperture  is  given  by 
the  length  of  the  footprint  and  therefore, 


=  ahr 


H 


1  cos# 


(5) 


Substituting  L  from  (4)  and  j)h3  from  (3)  in  (5) 
leads  to 


ahs 

rap  = 


(6) 


_H _ 

COS# 


(3) 


which  is  the  well  known  approximation  for  finest 
along  track  resolution.  For  ahs  =  ahr,  rap  corres¬ 
ponds  to  half  the  length  1  of  the  real  aperture 
antenna. 

However,  it  should  be  noted  that  in  many  cases  the 
amplitude  distribution  in  azimuth  of  the  real 
aperture  antenna  is  not  tapered,  resulting  in  ahr 
=  0.88,  while  the  sidelobe  suppression  achieved  by 
the  reference  function  of  the  synthetic  aperture 
azimuth  pattern  (more  than  40  dB  below  mainlobe) 
leads  to  aha  *  1.3.  Therefore,  it  is  a  realistic 
assumption  to  expect  an  rap  •  0.8  1. 
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The  swath  width  is  a  parameter  which  is  dependent 
on  along  track  resolution  ra„,  platform  velocity  u 
and  off-nadir  angle  *,  as  will  be  shown  below. 

Flying  along  a  synthetic  aperture  length  covers, 
in  the  case  of  SAR,  twice  the  normally  encountered 
Doppler  frequency  shift  fD. 

For  zero  offset  processing  (using  in-phase  and 
quadrature  channels  for  positive  and  negative 
Doppler  identification)  only  fD  per  channel  is 
used. 

From  geometric  considerations  (see  also  Fig.  1  and 
2),  fD  is  defined  by 

2u  ^hr 

fD  =  f*  2  sin  —  .  (7) 

For  high  flying  platforms  (satellites),  Phr  is 
small  and 

fo  f>hr  =  2ahr  a  .  (8) 

The  Nyquist  sampling  theorem  requires  a  pulse  re¬ 
petition  frequency  (PRF)  equal  to  or  higher  than 
the  fD  which  is  used  in  SAR  processing  per  chan¬ 
nel.  Generally,  a  PRF  of  1  to  1.3  times  fD  will  be 
chosen.  Two  radar  pulse  returns  must  not  be  recei¬ 
ved  simultaneously  from  the  illuminated  footprint 
(instantaneous  field  of  view,  IFOV)  of  the  real 
aperture  antenna.  Looking  at  Fig.  5,  we  notice 
that  the  slant  range  difference  between  the  edges 
of  the  illuminated  swath  width  (corresponding  to 
0V)  is  given  by  the  slant  swath  width 


Fig.  5  Distance  between  two  pulses  must  be  >  2RS 
in  order  to  avoid  range  ambiguities  occu- 
ring  within  the  IFOV.  Ra  =  slant  range 
swath  width. 


2  PRF  av  H  X  sin* 

h  >  -  ,  (11) 

c  cos2* 

a„  =  elevation  taper  factor. 

Since  PRF  >  fD  and  fD  *  2  ahr  y,  the  physical 

dimensions  of  the  real  aperture  antenna  are  gi¬ 
ven  by 

Ap  =  h  1  >  4ahr  av  £  H  X  .  (12) 

cos2* 

In  many  cases,  ahr  =0.88  (constant  amplitude) 
while  av  will  be  approximately  1.3  to  allow  sup¬ 
pression  of  the  sidelobes  in  the  elevation  plane. 
Furthermore,  range  ambiguities  should  also  not  oc¬ 
cur  within  the  main  lobe  at  all  (main  lobe  width 
is  approximately  2  to  3  times  larger  than  pv) . 

Therefore,  empirical  estimations  of  the  real  an¬ 
tenna  dimensions  could  be  based  on 

Ap  -  10  j  H  (13) 

f  cos2* 

f  =  SAR  frequency. 

It  can  be  concluded  that  the  estimated  minimum  di¬ 
mensions  of  the  real  antenna  enforce  a  trade-off 
between  resolution  and  swath  width.  High  resoluti¬ 
on  can  only  be  achieved  with  a  small  swath  width; 
increasing  the  swath  width  reduces  resolution 
(Fig.  6  and  Fig.  7) . 


3.  DIRECTIVITY.  GAIN,  BANDWIDTH  AND  DUAL  POLARIZA¬ 
TION 

The  remarks  given  below  refer  to  spaceborne  anten¬ 
nae,  which  are  more  difficult  to  realize  due  to 
their  size  and  the  associated,  complicated,  fee¬ 
ding  network. 

These  antenna,  of  several  square  metres  area,  are 
usually  designed  as  flat  (foldable)  arrays. 

The  directivity  of  such  antennae  is  proportional 
to  their  area  but  depends  of  course  on  the  chosen 
taper.  Compared  to  constant  amplitude  distribution 
with  a  sidelobe  level  of  about  -13  dB,  a  good  si- 
delobe  suppression  (in  elevation)  reduces  directi¬ 
vity  easily  by  1  to  1.5  dB,  which  must  be  compen¬ 
sated  by  an  increased  antenna  area. 

For  a  rectangular,  flat  array  antenna  of  length  1 
and  height  h,  the  directivity  D  is  given  by 

D  =  4*  1  h  ,  (14) 

X2 


if  an  equal  phase  and  amplitude  distribution  is 
assumed.  In  this  case,  we  call  1  h  the  effective 
(9)  antenna  area 


The  distance  between  two  radar  pulses  must  be  > 

2R„,  to  avoid  the  reflected  pulse  from  the  far 
range  edge  overlapping  with  the  reflected  pulse 
from  the  near  range.  Therefore, 

pip  >  2  H  K  SiSf-  ,  (10) 

cos2* 

c  =  speed  of  light. 

Substituting  av  for  pv  gives  the  antenna  height  h 


A*f f  =  1  h  .  (15) 

For  any  deviation  from  constant  phase  and  ampli¬ 
tude  distribution,  the  effective  antenna  area  will 
be  smaller  than  the  real  aperture.  The  relation¬ 
ship  between  the  two  areas  is  called  aperture 
efficiency  n, .  It  reduces  the  directivity  propor¬ 
tionally  and  therefore, 
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Fig.  6  High  resolution  corresponds  to  long  synthetic  aperture  and  small  swat;,  widuh  (left  side 
of  figure)  while  a  wide  swath  width  enforces  a  short  synthetic  aperture  and  low  resolu¬ 
tion  (right  side  of  figure). 


„  4*  1  h  ,,,, 

D  =  ha  -  •  (16) 

\ 2 

The  antenna  gain  G  is  smaller  than  the  pattern  di¬ 
rectivity  D  due  to  internal  antenna  losses.  This 
thermal  efficiency,  or  radiation  efficiency,  is 
defined  by 


rR  *  2B  '  (18) 

B  =  chirp  bandwidth. 

The  ground  resolution  across  track  is  accordingly 
given  by 


hi 


o 

D  ' 


(17) 


ry  "  2B  sin#  • 


(19) 


For  a  passive  microstrip  antenna  of  several  square 
metres  or  a  waveguide  arr  y  oi  ;everal  metres 
length  (spaceborne  SAR  an  enna’ ,  ijx  might  be  0.5 
or  even  lower  (depending  on  .ne  frequency) . 

Considering  these  high  one  way  losses  associated 
with  such  arrays,  one  solution  would  be  to  use  an 
active  array  with  distributed  transmit/receive  mo¬ 
dules  (T/R  modules) .  The  one  way  loss  of  such  sy¬ 
stems  is  much  lower  and  leads  to  i\i  «  0.8  -  0.9. 

For  lower  microwave  frequencies,  such  as  L-band 
and  S-band,  light  weight  and  volume  considerations 
lead  to  microstrip  arrays  while  for  higher  fre¬ 
quencies,  such  as  C-band  and  X-band,  a  waveguide 
array  might  be  favoured  for  its  lower  losses. 

The  bandwidth  of  the  antenna  should  be  broad  enough 
to  easily  achieve  the  desired  range  resolution 
(chirp  bandwidth) .  Frequencies  (signals)  outside 
the  useful  bandwidth  should  be  rejected  or,  at 
least,  strongly  attenuated. 

Typically,  microstrip  and  wave  guide  arrays  attain 
a  relative  bandwidth  of  3%  to  5%.  That  means,  for 
a  high  slant  range  resolution  rR  it  is  advisable 
to  use  higher  frequency  bands  for  the  SAR.  For  ex¬ 
ample,  a  slant  range  resolution  of  0,5  m  corresponds 
approximately  to  a  chirp  bandwidth  of  300  KHz  (which 
is  3%  of  10  GHz) . 


Dual  polarization  capability  has  been  increasingly 
requested  in  recent  years  in  order  to  allow  for 
full  polarimetric  SAR  operation.  For  instance,  a 
horizontally  polarized  signal  pulse  will  be  trans¬ 
mitted  and  the  back  scattered  signal  will  be  re¬ 
ceived  in  the  same  polarization  and  simultaneously 
in  vertical  polarization;  then  a  vertically  pola¬ 
rized  signal  pulse  will  be  transmitted  and  the 
back  scattered  signal  will  be  received  in  the  same 
polarization  and  simultaneously  in  horizontal  po¬ 
larization.  This  sequence  will  be  continuously  re¬ 
peated.  Assuming  that  the  time  between  2  transmit¬ 
ted  pulses  of  different  polarizations  is  negligi¬ 
ble,  we  achieve  the  conplete  polarimetric  matrix 
of  backscattered  signals  (scattering  matrix) .  It 

contains  much  more  information  about  radar  illumi¬ 
nated  target  classes  than  the  copolarized  back 
scattered  signal  of  one  polarization. 

However,  it  should  be  noted  that  polarimetric  SAR 
operation  (also  named  "quad-pol*  operation)  requi¬ 
res  doubling  the  PRF  for  a  SAR  with  2  receiver 
channels.  This  results  in  reducing  the  swath  width 
to  half  of  the  single  polarisation  case  and,  accor¬ 
dingly,  doubling  the  antenna  height  h  for  proper 
range  ambiguity  suppression  (exception:  airborne 
SAR  is  usually  not  affected  by  range  ambiguity 
problems,  due  to  the  low  altitude  and  smaller 
swath  width) . 


Slant  range  resolution  rR  is  defined  by 


The  polarization  ratio  between  copolarized  and 
cross-polarized  antenna  pattern  should  exceed  30 
dB  within  the  HPBNs  in  azimuth  and  elevation.  It 


Fig.  7  Azimuth  resolution  r.p  influences  proportionally  the  swath  with;  the  parameter  is  incidence 
angle . 


i ' 


is  very  difficult  to  reach  this  performance  for 
the  large  arrays  needed  for  spacecraft.  Screening 
the  feeding  network,  and  accurate  mechanical  align¬ 
ment  of  single  radiating  elements  are  a  "must"  for 
a  good  polarization  ratio.  The  request  for  30  dB 
is  based  on  the  facts  that  cross-polarization  oc¬ 
curs  in  many  cases  in  the  range  of  5  dB  to  20  dB 
below  the  copolarized  back  scattered  signal  and 
that  the  performance  of  a  spaceborne  SAR  sensor 
(noise  floor)  seldom  allows  a  signal  to  noise  ra¬ 
tio  S„  of  more  than  20  dB. 


4.  ACTIVE  PHASED  ARRAY 


ties  and  therefore  reduce  the  revisit  time 
intervals, 

-  to  collect  radar  data  under  different  incidence 
angles. 

The  off -nadir  angle  range  used  in  various  studies  ex¬ 
tends  from  15*  (20*)  to  50"  (SO*)  covering  a  data  take 
opportunity  width  of  about  200  km  to  600  km  on  the 
ground  (depending  on  the  orbital  altitude,  e.g. 
shuttle  or  satellite) . 

For  an  array  antenna  with  distributed  T/R  modules,  on¬ 
ly  phase  shifters  need  to  be  added  in  order  to  produce 
an  active  phased  array  antenna. 


For  spaceborne  remote  sensing,  a  fast  off-nadir  The  number  of  T/R  modules  and  the  spacing  of  the 

angle  change  capability  is  needed  radiators  (or  groups  of  radiators)  fed  by  a  single 

T/R  module  depends  on  the  chosen  phase  controlled 
angle  range. 


-  to  allow  scan-SAR  operation, 

-  to  increase  the  number  of  data  take  opportuni- 
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Fig.  8  Azimuth  look  steering  mode  increases  the  overall  synthetic  aperture  (for  multi  look  images 
with  azimuth  resolution  rap) .  Only  spot-wise  data  takes  are  possible  in  this  mode. 


(20) 


Imag*  iQ*  MMton  o4  SPOT-mod*  SAR 
_  (HWpH  ISO  W*.  aMd  7COO  mrt) 

[Km] 


Fig.  9  Illuminated  area  for  spot  lightmode  and/or 
azimuth  look  steering  mode  increases  appro¬ 
ximately  proportionally  with  the  wavelength. 

The  generation  of  several  "main  beams",  which  are 
called  grating  lobes,  occurs  if  the  spacing  is  too 
large.  In  such  a  case,  several  angles  exist  with 
equal  phase  distribution;  it  is  at  these  angles 
that  the  grating  lobes  occur.  Suppression  of  gra¬ 
ting  lobes  is  accomplished  by  satisfying 


d  =  distance  between  phase  centres  of  single  radiators 
(or  groups  of  radiators)  fed  by  neighbouring  T/R  modu¬ 
les, 

a#  =  half  the  desired  phase  controlled  angle 
range . 

In  case  of  a#  =  +20°,  the  spacing  must  be  less  than  or 
equal  to  0.75  k.  Spotlight  or  azimuth  look  steering 
modes  require  a  beam  which  is  electronically  control¬ 
led  by  phase  shifters  within  a  small  (squint)  angle 
range.  These  modes  allow  high  resolution  observations 
of  small  areas  (spots)  by  sacrificing  the  observatio¬ 
nal  possibilities  before  and  after  each  spot  (Fig.  8) . 
The  required  squint  angle  a?  for  such  operations  is 
seldom  larger  than  ±1°  to  ±2°.  The  spot  size  is  fre¬ 
quency  dependent  because  of  the  IFOV,  which  increases 
proportionally  with  the  wavelength  (Fig.  9) . 

Equation  (20)  will  not  be  applied  for  squint  angles 
of  1°  to  2°  in  order  to  keep  the  number  of  T/R  mo¬ 
dules  and  its  phase  shifters  small.  The  radiator 
groups  in  azimuth  fed  by  a  single  T/R  module  have  a 
high  directivity,  which  is  used  to  suppress  the 
grating  lobes. 

There  are  two  causes  of  gain  reduction  due  to  elec¬ 
tronic  beam  steering.  Any  angle  deviating  from  the  me¬ 
chanical  boresight  angle  reduces  the  antenna  area  pro¬ 
portionally  to  cosad  or  cosAf.  Furthermore,  each  sing¬ 
le  radiator  has  a  pattern  which  usually  has  its  maxi¬ 
mum  at  the  (mechanical)  boresight  angle.  The  reduced 
gain  at  other  angles  must  be  multiplied  with  the  array 
factor  (which  represents  the  far  field  of  point  sour¬ 
ces  arranged  in  the  geometric  layout  of  our  antenna) . 
For  instance,  the  gain  loss  of  a  well  designed  active 
phased  array  at  a#  =  20°  will  be  approximately  0.5  dB. 


5.  CONCLUSIONS 

The  real  aperture  antenna  is  a  key  element  for  SAR 
performance.  It  defines  and/or  influences 
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-  the  along  track  resolution  rap  by  its  length  1, 

-  the  swath  width  by  its  height  h, 

-  the  across  track  resolution  rR  by  its  bandwidth  B, 

-  the  range  ambiguity  suppression  by  its  amplitude 
distribution  in  elevation  (taper  factor  av), 

-  the  required  onboard  power  by  antenna  losses 
(thermal  efficiency  n*), ■ 

-  the  polarimetric  performance  by  its  polarization  de¬ 
coupling, 

-  the  data  take  opportunity,  scan  SAR  and  spotlight 
mode  SAR  by  its  electronic  beam  steering. 

It  is,  therefore,  worthwhile  investing  efforts  in  a 

good  antenna  design  and  accompanying  technologies. 
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Introduction 


Polarization  of  Electromagnetic  Waves 


Imaging  radar  polarimetry  has  eicited  much  attention 
in  the  literature  over  the  past  few  years  ([1 1-161),  since 
NASA/JPL  first  demonstrated  a  successful  SAR 
polarimeter  system  in  1985  111.  That  system  was  known 
as  the  CV-990  L-Band  radar;  NASA/JPL  now  have  a  fully 
operational,  three -frequency  polarimetric  SAR  flying 
on  a  DC-8  platform,  which  has  taken  part  in  many 
science  data  acquisition  campaigns  since  1988  [7]. 
Several  other  institutions  have  radar  polarimeter 
systems  which  are  operational  or  under  development, 
including  the  University  of  Michigan,  MIT/Lincoln 
laboratories,  the  Environmental  Research  Institute  of 
Michigan  (ERIM)  (8).  the  Canada  Center  for  Remote 
Sensing  (CCRS).  FEL-TNO  in  the  Netherlands  and  the 
Technical  University  of  Denmark.  NASA/JPL  are 
currently  completing  the  construction  of  a  two- 
frequency.  fully  polarimetric  SAR  system  which  will 
fly  on  the  Space  Shuttle  in  1993/1994  (9l.  These  systems 
generally  transmit  and  receive  horizontally  (H)  and 
vertically  (V)  linearly  polarized  electromagnetic  fields. 

Imaging  radar  polarimeters  are  usually  implemented 
using  a  Synthetic  Aperture  Radar  (SAR)  approach  to 
give  a  high  resolution  image  in  two  dimensions:  range 
and  azimuth.  For  each  pixel  in  the  image  a  polarimetric 
SAR  gives  sufficient  information  to  characterize  the 
polarimetric  scattering  properties  of  the  imaged  area 
(or  target)  as  seen  by  the  radar.  Using  a  polarimetric 
SAR  system  as  opposed  to  a  single-polarization  SAR 
system  provides  significantly  more  information  about 
the  target  scattering  mechanisms  and  allows  better 
discrimination  between  different  types  of  'urfaces. 

In  these  notes  a  brief  overview  of  SAR  polarimetry  is 
offered.  The  notes  are  intended  as  a  text  to  accompany  a 
lecture  on  SAR  polarimetry  as  part  of  an  AGARD-NATO 
course.  For  a  more  in-depth  treatment,  the  interested 
reader  is  referred  to  the  recent  review  paper  by  Zebker 
and  van  Zyl  (10)  and  the  textbook  on  Radar  Polarimetry 
for  Geoscience  Applications',  edited  by  Ulaby  and  Elachi 
till.  For  a  discussion  of  inverse  methods  to  determine 
scattering  phenomena  for  polarimetric  radar  data  the 
interested  reader  is  referred  to  the  textbook  on  Inverse 
Methods  in  Electromagnetic  Scattering',  edited  by 
Boerner  [121.  For  brevity,  a  discussion  of  the 
development  history  of  polarimetric  radar  has  not  been 
included  in  these  notes,  nor  has  a  comprehensive 
bibliography.  The  reader  interested  in  more 
information  on  these  topics  would  do  well  to  begin  by 
examining  references  (101-1121. 

Covered  in  the  notes  are:  the  polarization  properties  of 
electromagnetic  waves;  the  concepts  of  radar  scattering 
and  measuring  radar  backscatter  with  a  SAR; 
polarization  synthesis:  scattering  matrix,  Stokes  matrix 
and  covariance  matrix  representations  of  polarimetric 
SAR  data;  polarization  signature  plots;  design  and 
calibration  of  polarimetric  SAR  systems;  polarization 
filtering  for  target  detection;  fitting  a  simple  model  to 
polarimetric  SAR  measurements  of  naturally  occurring 
features;  and  supervised  classification  of  polarimetric 
SAR  data. 


The  polarization  of  any  electromagnetic  wave  can  be 
characterized  by  the  ellipticity  angle.  X-  and  the 
orientation  angle,  y,  of  the  polarization  ellipse,  shown 
in  Figure  1.  The  intensity  of  the  wave  is  represented  by 
the  parameter  I0,  where 

Io  =  aj|  +  a3  (1) 

Some  commonly  occurring  polarization  states  are: 

Vertical  (linear)  -  (y  •  0°,  X  *  0°) 

Horizontal  (linear)  -  (y  *  90°.  x  *  0°) 

Right-hand  circular  -  (X  ■  -45°) 

Left-hand  circular  -  (X  *  45°) 

For  the  two  circular  polarization  stales  above,  the 
orientation  angle,  y.  is  unspecified.  Another  useful  way 
of  characterizing  the  polarization  state  of  an 
electromagnetic  wave  is  the  Stokes  vector. 


'  Io  ' 

lo 

Q 

Io  cos  2y  cos  2x 

u 

Io  sin  2y  cos  2x 

V  . 

I«  sin  2x 

where  IQp  0.  U  and  V  are  the  four  Stokes  parameters, 
which  all  have  the  same  dimension.  The  Stokes 


Polarization  Ellipse 

Fig.  1  Polarization  ellipse. 
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parameters  are  related  via: 
l|  =  Q2  +  U2  +  V2 


Measuring  Radar  Backscatter  with  a  SAR 
(3)  system 


so  that  only  three  of  them  are  actually  independent. 

The  polarization  state  of  an  electromagnetic  wave  can 
be  represented  as  a  (unique)  mapping  to  a  point  on  a 
sphere  of  radius  I0.  called  the  Poincare'  sphere,  where 
Q,  U,  and  V  are  the  Cartesian  coordinates  of  the  point. 
The  angles  2%  and  2t|/  define  the  latitude  and  longitude 
of  the  point  in  the  spherical  coordinate  system.  The 
four  common  polarization  states  listed  above  are  shown 
as  points  on  the  Poincare'  sphere  in  Figure  2. 


(X  =  -45°) 


A  SAR  system  is  simply  a  high-resolution  active 
microwave  sensor,  capable  of  measuring  the  (real  or 
complex)  radar  reflectivity  of  a  surface.  SAR's  usually 
operate  as  monostatic  radars,  mounted  on  a  moving 
platform,  with  an  antenna  looking  out  and  down 
towards  one  (or  both)  sides  relative  to  the  platform 
motion  vector.  Most  SAR  systems  measure  the  radar 
backscatter  using  linearly  polarized  antennas, 
typically  with  polarizations  given  by  the  h  and  v 
coordinates  in  Figure  3.  In  its  ideal  realization,  the 
resulting  SAR  image  should  just  represent  the 
scattering  matrix  element,  Spq,  in  complex 
representation,  or  the  radar  cross-section.  Opq.  in 
intensity,  for  the  receive  (q)  and  transmit  (p) 
polarizations  of  the  radar.  The  scattering  matrix 
determines  the  relationship  between  the  wave  incident 
on  the  scatterer  and  the  scattered  wave.  After  [111.  the 
scattering  matrix  is  defined  via: 


1  H 

_  efto1* 

Shh 

SVh  \ 

(U  \ 

\  E$ 

R 

$hv 

Syv  1 

\  Ei  1 

(5) 


where 


£i 

Ei 


is  the  electric  field  vector  of  the  wave 


incident  on  the  scatterer. 


El 

Ei 


' 

is  the  electric  field 

, 


vector  of  the  scattered  wave,  k0  is  the  wave  number  of 
the  illuminating  wave,  and  R  the  (radial)  distance 
between  the  scatterer  and  the  radar  antenna.  A  fully 
polarimetric  SAR  system  would  typically  measure  all 
four  of  the  scattering  matrix  elements  simultaneously 
(or  near-simultaneously)  as  complex  numbers  for  each 
pixel  within  the  area  being  imaged  by  the  SAR. 


Fig.  2  Poincare'  sphere. 


Polarization  Synthesis 


Radar  Scattering  Measurements 

In  Figure  3  the  general  geometry  for  measurements 
made  by  a  bistatic  radar  is  illustrated.  The  transmitting 
antenna  transmits  an  electric  field  whose  components 
are  expressed  in  terms  of  a  local  Cartesian  coordinate 
system  ( h,  v,  n  )  with  origin  at  the  transmitting 
antenna.  We  can  define  another  Cartesian  coordinate 
system  (“x,  y,  z  )  with  origin  at  the  scatterer.  The  two 
coordinate  systems  are  related  via: 

h  =  sin  4>j  x  -  cos  y  (4a) 

v  =  -cos  $i  cos  0j  x  -  sin  ft  cos  0i  y  +  sin  0j  z  (4b) 

n  «  -cos  ft  sin  0j  x  -  sin  $  sin  0;  y  +  cos  0j  z  (4c) 

A  third  coordinate  system  (  h’,  v\  n' )  is  defined  with 
origin  at  the  antenna  which  receives  the 
electromagnetic  wave  which  is  scattered  by  the 
scatterer.  This  coordinate  system  is  related  to  the 
scatterer  coordinate  system  in  a  similar  fashion  to  the 
above,  substituting  subscripts  s  for  subscripts  i  in  (4). 
This  choice  of  coordinate  systems  ensures  that  the 

primed  ( h,  v,  n  )  and  unprimed  (  h’,  v',  iT  )  coordinate 
systems  coincide  for  a  monostatic  system,  i.e.  when  the 
receiving  and  transmitting  antennas  are  at  the  same 
location.  The  radar  scattering  measurements  made  by  a 
monostatic  radar  system  are  referred  to  as  radar 
backscatter  measurements. 


Knowledge  of  the  scattering  matrix  allows  the 
calculation  of  the  backscatter  intensity,  or  radar  cross- 
section,  for  any  possible  combination  of  transmit  and 
receive  antenna  polarizations  (e  g.  left-hand  circular 

transmit  and  right-hand  circular  receive).  This 
procedure  is  called  polarization  synthesis.  For  any 
given  radar  receive  and  transmit  polarization,  the 
radar  cross-section  (RCS)  can  be  calculated  [1 1]  via: 

opq=4«|qrS  p*  f  (6) 

where  S  is  the  scattering  matrix  defined  in  (1).  and  qr  , 
p*  are  polarization  field  vectors  for  the  radar  receive 
and  transmit  polarizations,  respectively.  For  linear 
polarizations  (horizontal,  h  or  vertical,  v)  note  that  the 
RCS  is  given  by: 

Opq  =  4jC  [Spq  P  (7) 

In  what  follows  we  will  concentrate  on  linear 
polarizations,  since  most  SAR  systems  just  measure 
linear  polarizations. 

Expressions  (5)  and  (6)  above  represent  the  quantities 
which  are  directly  measurable  by  a  SAR.  The  units  for 
Opq  are  in  meters  squared.  Both  Opq  and  Spq  are 
functions  of  spatial  position  [  ( x,  y  )  in  the  scatterer 
coordinate  framel  ,  time  (t).  viewing  geometry  ( 0i,  ), 

and  radar  wavelength  (X)  in  addition  to  the 
polarizations  of  the  transmitted  'and  received 
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Receive 


Fig.  3  Coordinate  systems  for  radar  scattering. 


electromagnetic  waves.  If  the  radar  backscatter 
measurements  made  by  the  SAR  are  calibrated,  each 
image  pixel  value  should  correspond  to  an  accurate  and 
precise  measurement  of  one  of  these  quantities,  and  be 
repeatable,  under  the  same  conditions,  by  that  cr 
another  sensor. 

Stokes  matrix  and  Covariance  matrix 
representations 

In  the  monostatic  scattering  case,  it  can  be  shown  that 
the  reciprocity  principle  [10).  which  dictates  that 

Shv  ~  $vh  <8) 

is  generally  applicable.  This  simplifies  some  of  the 
analysis  of  polarimetric  SAR  data  and  quantities  derived 
from  it.  For  example,  another  useful  way  of 
representing  the  polarimetric  scattering  information 
contained  in  the  scattering  matrix  is  to  construct  a 
covariance  matrix  between  the  scattering  matrix 
elements.  Without  reciprocity  the  covariance  matrix 
would  have  to  be  a  4x4  matrix  containing  all  possible 
cross-products  between  the  four  scattering  matrii 
elements.  With  reciprocity  a  3x3  covariance  matrix  is 
sufficient,  i.e.. 

Shh  Shh  Shh  Shv  Shh  Sw 

C  =  SavSm  SavSa'v  SavC  (9> 

Sw  Shh  Sw  Sfiv  Sw  Syy 

The  covariance  matrix  is  also  Hermitian,  so  that  three 

of  its  elements  (S*y  Shh  .  Sn  Shh  and  Sw  Shv  )  contain 
redundant  information,  which  is  already  contained  in 
three  of  the  other  elements. 

Another  way  of  representing  the  cross-products 
derived  from  the  scattering  matrix  elements  is  in  the 
Stokes  matrix  formal  [131  For  reciprocal  scatterers  the 
Stokes  matrix  M  is  a  4x4  symmetric  matrix,  with  the 
following  elements: 

M  ii  —  0.25  (S/j,  Sui  +  25*v  Shv  +  Sw  Sw  ) 

M 12  —  0.25(  Shh  Shh  ■  Sw  Sw  ) 

M  n-  0.5  Re  (Su,  Shv  )+0.5Re(S^Sw  ) 


M  14  =  0.5  Im  (Shh  Shv  )+  0.5 Im  (Shv  Sw  ) 

M  22  =  0.25(5**  Su,  -  25m-  Shi  +  SW  Sw) 

M  23  =  0.5/?e  (Shh  Shv  )  -  0.5 Re  (Shi  Sn  ) 

M  24  -  0.5/m  (Shh  Shv  )  -  0.5/m  (Shv  Sw  ) 

M  33  =  0.5  ( Shv  Shl )  +  0.5 Re  ( S ^  Sn  ) 

M  34  =  0.5/m  (Su,  Sw  ) 

Af  44  =  0.5(Shv  Shv )  -  0.5Re  (Shh  Sw  )  ( i o ) 

The  first  element,  Af  i  ] ,  in  the  Stokes  matrix  is  often 
referred  to  as  the  total  power.  It  is  related  to  two  of  the 
other  Stokes  matrix  elements  via: 

M\\=Mzi  +  M  33  +  M  44  (11) 

Note  that  it  is  possible  to  recover  the  covariance  matrix 
elements  from  the  Stokes  matrix  elements.  It  is  not 
possible,  however,  to  recover  the  original  scattering 
matrix  from  either,  since  the  overall  or  absolute  phase 
of  the  scattering  matrix  (for  example  the  phase  of  the 
Shh  term)  has  been  lost  in  forming  the  cross-prod’  cts. 
The  relative  phase  between  the  scattering  matrii 
elements  is  preserved  in  the  covariance  matrix  and 

Stokes  matrix  formats,  in  terms  such  as  the  Shh  Sw 
cross-product,  whose  argument  is  the  relative  phase 
between  the  Shh  and  Sw  terms. 

It  is  still  possible  to  carry  out  polarization  synthesis  on 
the  covariance  matrix  and  Stokes  matrix  format 
polarimetric  SAR  data  to  synthesize  the  radar  cross 
section  measured  by  a  radar  of  arbitrary  transmit  and 
receive  polarization  [101.  A  common  technique 
emploved  on  SAR  measurements  of  radar  cross  section 
to  reduce  the  variance  due  to  speckle  is  to  perform 
incoherent  averaging  or  multi-looking.  Using  the 
scattering  matrix  data,  the  synthesized  radar  cross 
section  would  be  calculated  for  each  pixel  using  (6).  The 
calculated  radar  cross  section  values  would  then  be 
averaged  to  reduce  the  speckle  variance.  Multi-looking 
can  also  be  carried  out  by  averaging  the  covariance 
matrix  or  Stokes  matrix  elements  for  several  pixels  to 
produce  a  single  composite  result,  then  performing 
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polarization  synthesis  on  the  composite  result  [14].  Tr.  - 
two  approaches  can  be  shown  to  be  mathematically 
equivalent  and  give  the  same  answers,  but  there  is  a 
considerable  saving  in  computation  time  using  the 
covariance  matrix  and  Stokes  matrix  approach. 

Example  Scattering  Matrices 

Table  1  gives  examples  of  some  simple  scattering 
matrices  for  selected  man-made  targets.  The  targets  are 
the  trihedral  corner  reflector  and  the  sphere  (which 
have  the  same  scattering  matrix),  the  dihedral  corner 
reflector,  the  dipole  and  the  polarimetric  active  radar 
calibrator  (PARC)  [15).  Only  the  scattering  matrices  for 
the  trihedral  and  the  sphere  show  no  dependence  on 
the  rotation  of  the  scatterer  about  the  vector  n  which 
defines  the  line  of  sight  between  target  and  radar.  By 
rotating  the  dihedral,  the  dipole  and  the  PARC  about  the 
line  of  sight  it  is  possible  to  change  the  scattering 
matrix  for  these  targets  as  seen  by  the  radar.  The 
scattering  matrices  corresponding  to  more  complicated 
man-made  targets,  such  as  vehicles  or  planes,  may  be 
very  different  from  the  simple  ones  given  in  Table  1. 

In  Figure  4.  we  see  a  total  power  image  of  San 
Francisco.  California  which  was  derived  from  L-band 
(24cm)  polarimetric  SAR  data  collected  by  the 
NASA/JPL  DC-8  SAR  system  [71.  The  image  is  interesting 
because  it  contains  three  distinct  types  of  scatterer:  the 
man-made  buildings  and  other  structures  in  the  urban 
areas:  the  largely  vegetation  covered  areas  in  the 
Golden  Gate  Park  and  the  Presidio  (just  south  of  the 
Golden  Gate  Bridge);  and  large  stretches  of  open  water 
in  the  bay  and  out  in  the  ocean. 

In  Figure  5.  an  example  of  a  useful  tool  for  visualizing 
the  polarimetric  scattering  properties  of  a  target, 
known  as  the  polarization  signature  plot,  is  shown.  In 
this  case,  the  polarization  signature  plot  was  calculated 
from  a  composite  Stokes  matrix  formed  from  pixels  in 
one  of  the  urban  areas  in  Figure  4.  After  [131,  the 
polarization  signature  plots  represent  the  (synthesized) 
response  of  the  target  to  all  possible  like-  and  cross- 
polarized  radar  transmit/receive  combinations.  The 


Fig.  4  L-band  total  power  image  of  San  Francisco  from 
the  NASA/JPL  system. 


CO-POLARIZED  SIGNATURE  CROSS-RCLAfilZED  SIGNATURE 


Fig.  5  Polarization  signature  for  a  predominantly 
urban  area  in  the  San  Francisco  image. 


Table  1:  Scattering  matrices  for  man-made  targets,  normalized  so  that  the  largest 
matrix  element  is  one 

Target  type  Scattering  matrix 


Trihedral  ,  Sphere 


Dihedral 


cos  2a  sin  2a 
sin  2a  -cos  2a 


Dipole 


cos^  sinacosa 
sin  a  cos  a  sin2a 


PARC 


sin  a  cos  a 
-sin2a 


cos  *0 

sinacosa 


(a  is  a  rotation  angle  for  each  target  type,  about  the  line  of  sight  to  the  radar, 
a-vaiues  of  0°.  45°  and  90°  are  commonly  used,  in  practise.) 
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C0-°01ARIZED  SIGNATURE  CRCSS-RCLARIZED  SIGNATURE 


Fig.  6  Polarization  signature  for  an  ocean  area  in  the 
San  Francisco  image 


Fig  7  Polarization  signature  for  a  vegetated  area  in  the 
San  Francisco  image 

polarization  signature  plots  are  given  as  functions  of 
orientation  and  ellipticity  angle,  and  are  normalized 
with  respect  to  the  total  power  Note  that  the  like- 
polarized  polarization  signature  in  Figure  5  shows  a 
maximum  response  when  the  orientation  angle  is  90°  or 
0°  (180°)  This  behavior,  and  the  double-null  structure 
visible  for  (y  -  45°  and  145°.  X  *  °°)  is  very  similar  to 
that  eipected  for  a  dihedral  corner  reflector  with 
rotation  angle,  a  -  0°  Thus  the  polarimetric  radar 
backscatter  from  the  urban  area  is  seen  to  be  similar  to 
that  produced  by  two  flat  plates,  one  flat  on  the  ground, 
the  other  vertically  upright 

The  scattering  matrix  model  for  Bragg  scattering  from 
an  idealized  rough  surface,  such  as  wind-blown  water, 
IS: 

/  a  0  \  with  a,b  real,  b  >a  >0  ((2) 

v  o  b  /  and  <ab*>  -  ab 

i.e.,  a  scattering  matrii  with  zero  cross-polarized 
return.  HH  and  VV  returns  which  are  completely 
correlated  and  zero  phase  difference  between  the  HH 
and  VV  returns  The  ratio  a/b  and  the  absolute 
backscatter  level  are  dependent  on  the  surface 
roughness  (i.e..  the  sea-state  in  this  case)  but  need  not 
be  known  a  priori.  Although  we  specify  a  rough 
surface  for  (12)  to  hold,  it  should  not  be  too  rough, 
since  second  order  Bragg  scattering  can  give  rise  to 
significant  cross  -  polarized  backscatter.  The 
polarization  signature  corresponding  to  a  patch  of 

water  from  the  San  Francisco  image  is  shown  in  Figure 
6.  We  see  that  the  like-polarized  signature  shows  that 
the  VV  return  is  greater  than  the  HH  (i.e.  b  >a)  and  the 
linear  <X  *  0°)  polarization  response  in  the  cross- 
polarized  signature  is  zero  for  all  orientation  angles. 

In  Figure  7  we  show  the  polarization  signature  plot 
corresponding  to  a  largely  vegetation-covered  area  in 
the  Golden  Gate  Park  from  the  San  Francisco  image.  In 
this  case  we  see  that  the  cross-polarized  and  like- 


polarized  signature  plots  have  no  zero  points  for  any 
orientation  angle/  ellipticity  angle  combination.  The 
like-polarized  signature  plot  is  similar  in  form  to  that 
of  the  water,  except  that  the  polarization  signature  of 
the  vegetated  area  appears  to  sit  on  a  pedestal  The 
presence  of  such  a  pedestal  indicates  that  the  individual 
scattering,  covariance  or  Stokes  matrii  measurements 
used  to  calculate  the  polarization  signature  plot  for  the 
area  in  question  were  not  identical.  In  fact,  the  height 
of  the  pedestal  can  be  related  to  the  variance  in  the 
measurements.  Note  that  the  polarization  signature 
plots  for  the  water  shown  in  Figure  6  do  not  have  a 
significant  pedestal,  which  suggests  that  the 
measurements  averaged  to  produce  those  plots  were 
fairly  similar. 

Design  of  Polarimetric  SAR  systems 

An  example  of  a  polarimetric  SAR  system  is  NASA/JPL  s 
DC-8  SAR  system,  first  tested  in  January  1988.  which 
operates  at  three  frequencies  (L-.  C-  and  P-Band)  and 
four  polarizations,  HH,  HV.  VH  and  VV  (in  this  notation 
HV  means  Horizontal  polarization  on  transmit.  Vertical 
on  receive)  This  system  is  the  latest  in  a  series  of 
NASA/JPL  synthetic  aperture  radar  systems  that  have 
been  designed,  built  and  tested  primarily  by  the  Radar 
Science  and  Engineering  Section  at  the  Laboratory 
The  radar  will  serve  as  a  test-bed  for  SIR-C  with  which 
it  has  similar  characteristics,  as  well  as  acting  as  a 
useful  science  tool  for  the  remote  sensing  community 
in  its  own  right 

A  detailed  description  of  the  NASA/JPL's  DC-8  SAR  can 
be  found  in  17)  A  block  diagram  of  the  basic 
transmit/receive  circuitry  required  for  just  one  of  the 
frequencies  is  shown  in  Figure  8.  This  basic  design 
contains  just  one  transmitter,  two  receivers  and  two 
antennas  (one  H.  one  V).  In  the  DC-8  SAR  case,  the 
radar  system  generates  a  pulse  at  L-Band  which  is 
frequency  shifted  using  a  common  reference  oscillator 
to  generate  the  P-  and  C-Band  pulses.  After 
amplification  at  each  frequency,  the  transmitted  chirp 
is  alternately  polarized  by  the  operation  of  a  switch  to 
either  the  H  or  the  V  antennas  The  antenna  patterns 
for  each  of  the  frequencies  cover  approximately  the 
same  range  of  incidence  angles,  between  20'  and  70V 
On  receive,  the  radar  can  collect  both  H  and  V  channel 
data  simultaneously  at  all  three  frequencies,  the  six 
receiver  channels  being  entirely  separate.  The 
receivers  have  no  Sensitivity  Time  Control  (STC)  or 
Automatic  Gain  Control  (AGC).  but  the  receiver  gains 
can  be  adjusted  over  a  26dB  range  of  settings.  A  wide 
instantaneous  dynamic  range  of  "45dB  is  achieved  by 
using  8-bit  analog-to-digital  converters  (ADCs),  which 
are  clocked  together  to  ensure  cross-channel 
coherence.  The  ADCs  each  operate  at  45MHz  and 
produce  real  data  samples  (not  I  and  0)  at  a  sustained 
data  rate  of  between  20  and  60  MBytes/second. 
depending  on  the  data  collection  mode. 

The  operation  of  the  DC-8  SAR  is  such  that  alternate  H 
and  V  polarized  pulses  are  transmitted  The  return 
echoes  are  received  by  both  the  H  and  V  receivers 
simultaneously.  Thus  for  one  H-polarized  transmitted 
pulse  the  H-  and  V-polarized  return  echoes  are 
recorded  (HH  and  VV  returns);  the  next  transmitted 
pulse  will  be  V-polarized  and  the  VH  and  VV  return 
echoes  are  recorded.  This  process  is  repeated 
throughout  a  data-take.  Then  the  recorded  return 
echoes  undergo  SAR  processing  (range  and  azimuth 
compression)  to  produce  SAR  images  corresponding  to 
each  of  the  set  of  HH,  HV,  VH  and  VV  return  echoes.  The 
SAR  processing  operations  applied  to  each  polarization 
are  identical.  After  processing,  the  HH  and  HV  images 
must  be  resampled  in  the  azimuth  dimension  so  that 
they  are  registered  with  the  VH  and  VV  images:  prior  to 
this  operation  the  two  sets  of  images  will  be 
misregistered  by  one  pulse  repetition  interval.  After 
registration  the  scattering  matrix  measurements  can  be 
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Fig.  8  Simple  block  diagram  for  a  polarimetric  SAR 
system. 


considered  to  be  spatially  coincident.  i,e.  they 
correspond  to  the  same  patch  of  ground. 

Polarimetric  Calibration 

Calibration  of  the  data  produced  by  polarimetric  SAR's 
le  g.  Ill,  [161,  i  171)  is  necessary  if  the  data  is  to  be  used 
in  a  quantitative  fashion.  Goals  for  calibrating 
polarimetric  SAR  data  are  given  in  Table  2.  The  basic 
problem  in  calibrating  polarimetric  radar  data  can  be 
seen  from  the  following  expression,  after  1 181.  for  the 
measurements  made  by  a  polarimetric  radar  for  which 
the  2x2  R  and  T  matrix  system  model  is  valid: 

M  =  VK^ I  1  5l)(  S/,A  SvA  )M  *>) 

\  S2  f  i  /  \  Shv  Sw  I  \  84  f2  / 


+  Vic^(  "v*  ) 

\  Tlfiy  flyy  / 

=  VK^e»-R‘ST  +  VK^N  (13) 


=  s  +  (rV'n  (f)''  (M) 

(provided  R  =  R  and  T  =T.  with  ‘  denoting  an 
estimate).  Note  that  the  result  still  has  noise 
superimposed  on  it.  At  the  complex  SAR  image  stage 
(which  is  what  polarimetric  SAR  scattering  matrix  data 
is),  although  the  mean  noise  contribution  is  zero,  the 
rms  uncertainties  due  to  noise  can  not  be  removed. 
After  square-law  detection,  however,  the  average  noise 
power  can  be  subtracted  off  the  resulting  RCS 
measurements  (though  this  still  does  not  remove  the 
rms  uncertainties  due  to  noise).  Polarization  synthesis, 
in  which  the  target  RCS,  apq.  in  response  to  a  radar 
with  transmit  polarization  p  and  receive  polarization  q 
is  synthesized  from  the  scattering  matrix,  involves  a 
square-law  detection  step,  so  the  noise  bias  term  can  be 

subtracted  off  the  synthesized  image  pixel  powers, 
provided  it  can  be  estimated. 

We  characterize  the  (complex)  noise  terms  as  having 
two-dimensional,  zero-mean,  Gaussian  distributions, 
with  the  following  properties: 


where  61  and  82  are  the  HV  and  VH  cross-talk  or 
polarization  impurity  terms  on  receive,  83  and  84  are 
the  HV  and  VH  cross-talk  terms  on  transmit.  f(  is  the 
channel  imbalance  (amplitude  and  phase)  between  the 
H  and  V  channels  on  receive,  and  f2  is  the  channel 
imbalance  (amplitude  and  phase)  between  the  H  and  V 
channels  on  transmit.  We  shall  ignore  the  radiometric 
calibration  problem  for  the  moment,  setting  Kj  ■  I.  and 

absorbing  the  ''/Kn^  factor  into  the  individual  noise 
matrix  elements,  npq  .  We  shall  also  ignore  the  absolute 
phase  calibration  problem  for  now.  setting  -  0.  The 
polarimetric  radar  data  calibration  problem  can  then 
be  stated  as  follows:  to  solve  for  the  scattering  matrix  S 
from  the  measured  matrix  M  we  need  estimates  for  the 
matrices  R  and  T,  which  represent  the  radar 
polarimetric  characteristics  on  receive  and  transmit. 
Ideally.  R  and  T  are  identity  matrices  for  a  perfect 
radar  polarimeter.  Once  we  have  obtained  estimates  for 
R  and  T  they  can  then  easily  be  inverted  and  applied  to 
(13)  to  recover  an  estimate  for  S,  i.e., 

S  =  (rY'm  (T )'1 


("/*)- 0 
(nlka'k) -  o?k 

(njkn  ]m )  -  0  ,  for  j  *  1  or  k*  m. 

(pikSlm }  *  0  .  f°r  any  j,  k,  1,  m.  (15) 

_n 

where  uj*  is  the  noise  power  (or  noise-equivalent 
sigma-zero)  in  the  polarization  channel  jk.  We  assume 
that  the  noise  terms  are  uncorrelated  with  each  other 
and  with  the  scattering  matrix  (signal)  terms. 

An  important  point  to  note  is  that,  in  equations  (13)  and 
(14),  we  have  not  included  any  (x.  y)  dependence  in 
any  of  the  terms.  In  practice,  the  elements  of  R.  T  and 
N  may  vary  significantly  within  a  SAR  image, 
especially  in  the  across-track  dimension.  Depending  on 
how  quickly  the  elements  of  these  matrices  vary,  it  may 
be  necessary  to  calculate  them  at  many  different  points 
across  the  image.  This  is  a  strong  factor  in  deciding 
what  type  of  approach  to  adopt  in  calibrating  data  from 
a  polarimetric  radar  (see  below). 
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The  validity  of  the  majority  of  the  polarimetric 
calibration  algorithms  in  the  literature  depends  on  the 
validity  of  the  system  model  above  for  radar 
polarimeters,  which  was  first  put  forward  in  [11.  This 
system  model  contains  just  six  relative  parameters, 
including  four  cross-talk  (or  leakage)  terms  and  two 
channel  imbalance  terms,  one  for  the  H,V  transmitters 
and  one  for  the  H.V  receivers.  Determination  of  these 
six  parameters,  followed  by  correction  for  any 
deviations  from  the  ideal  is  then  sufficient  to  calibrate 
the  radar  data  polarimetrically,  so  that  the  HH,  HV,  VH 
and  VV  scattering  matrix  measurements  can  be 
meaningfully  compared. 

The  generally  accepted  polarimetric  system  model 
relies  on  the  constancy  of  the  system,  particularly  the 
transmitters,  the  receivers  and  the  antennas.  For 
instance,  it  assumes  that  the  ratio  of  the  power 
transmitted  between  H  and  V  polarizations  never 
varies,  and  that  the  receiver  gains  for  H  and  V  are  kept 

at  a  constant  level  relative  to  each  other.  This  is  not 
always  the  case  for  radar  polarimeters  [191.  For 
example,  in  operating  the  NASA/JPL  system  the  gain  of 
the  H  (or  V)  receiver  can  be  switched  by  up  to  6dB, 
depending  on  whether  a  like-polarized  (HH  or  VV)  or 
cross-polarized  (VH  or  HV)  return  is  expected.  (  As 
described  above,  the  NASA/JPL  system  has  two 
receivers,  one  for  H  and  one  for  V,  and  alternately 
transmits  H  and  V  pulses].  The  reason  for  operating  the 
radar  this  way  is  that  the  cross -polarized  returns  from 
natural  targets  are  usually  lower  than  the  like- 
polarized  returns,  so  the  gain  is  increased  when 
expecting  a  cross-polarized  return  to  keep  the  signal 
level  within  the  optimum  range  for  the  analog-to- 
digital  converters.  This  gain  differential  should  be 
removed  during  processing.  The  ER1M  P-3  polarimetric 
SAR  solves  the  same  problem  with  a  different  design, 
having  only  one  transmitter,  one  receiver  and  an 
automatic  gain  control  (AGC),  which  varies  the  gain  of 
the  radar  receiver  in  some  pre-set  fashion  [81.  The  AGC 
setting  in  amplitude  and  phase  is  usually  different  for 
HH.  HV.  VH  and  VV  returns,  which  are  collected  in 
sequence.  The  design  for  the  CCRS  polarimetric  SAR  has 
an  elaborate  switching  sequence  for  it's  two  receivers, 
so  that  HH  and  VV  returns  go  through  the  same 
receiver,  and  VH  and  HV  returns  go  through  the  other 
receiver.  In  none  of  these  cases  is  the  2x2  R  and  T 
matrix  system  model  necessarily  valid,  unless  the  gain 
differentials  between  receivers  are  properly  removed 
from  the  data. 


the  problem,  we  need  at  least  another  six  equations  in 
the  various  terms  involved.  There  are  three  approaches 
to  obtaining  the  required  six  equations:  the  first  is  to 
use  man-made  targets  with  known  scattering  matrices: 
the  second  is  to  make  assumptions  regarding  the 
general  properties  of  the  backscatter  being  measured: 
and  the  third  is  to  make  assumptions  about  the  radar 
system  parameters.  Of  course,  all  three  of  these 
approaches  may  be  combined  to  find  an  appropriate 
solution. 

The  first  attempts  ([201  -  1221)  to  calibrate  polarimetric 
radar  systems  used  only  the  man-made  target 
approach.  There  are  only  a  limited  set  of  such  targets 
available.  Table  1  lists  the  normalized  scattering 
matrices  for  some  of  the  more  common  ones.  Barnes 
[211  and  Woods  [221  both  used  combinations  of  three 
passive  devices  to  come  up  with  the  sii  additional 
equations  required  to  solve  the  problem.  In  his 
approach,  Woods  [221  used  a  trihedral  and  two  dihedrals, 
one  at  0°  rotation,  the  other  at  45°.  Barnes  [211  also  used 
this  approach,  and  presented  another  solution  using 
two  dipoles  (at  0°  and  90°  rotation  angles)  and  one  45° 
dihedral.  The  dipole  signatures  were  achieved  using 
screened  trihedral  corner  reflectors  ([231.  1241).  Three 
targets  were  found  to  be  necessary  to  solve  the  problem 
because  it  was  very  difficult  to  obtain  more  than  two  of 
the  required  equations  from  each  target  signature. 
Yueh  et  al  [251  presented  a  more  general  solution  using 
passive  targets,  in  which  at  least  two  must  either  have 
singular  or  non-singular  scattering  matrices,  and  the 
targets  must  not  be  the  same.  Whitt  and  Ulaby  [261 
showed  how  the  problem  may  be  solved  provided  just 
one  of  the  three  target  scattering  matrices  is  non¬ 
singular.  Freeman.  Werner  and  Shen  [151  showed  how 
three  polarimetric  active  radar  calibrator  (PARC) 
signatures  could  be  used  to  solve  the  problem.  The 
sensitivity  of  all  of  these  approaches  to  small  errors  in 
the  rotation  angles  of  the  devices  used  was  pointed  out 
in  [191. 

Other  authors  have  used  assumptions  about  the  system 
and  the  backscatter  to  arrive  at  a  solution  to  the 
problem,  van  Zyl  [271  made  the  following  assumptions 
about  the  polarimetric  radar  system: 

5,  =  53 

52=  §4 

fl  =  f2  (17) 


Let  us  now  return  to  the  problem  of  estimating  R  and  T, 
in  order  to  calibrate  the  scattering  matrix  data. 
Expanding  (13).  we  obtain  four  equations  relating  the 
scattering  matrix  measurements  with  their  actual 
values: 


Mhh  ”  $hh  *  5  2 Shv  *  84SV/1 
♦  8284  SVV  *  fifth 

(16a) 

MhV  -  biShft  +  f  1  Sftv  *  8  184SW1 
*  fl84Svv  *  fihv 

(16b) 

Mvh  -  &3shh  *  8283 Sftv  *  f2 Svh 
*  *  fivh 

(16c) 

Mvv  -  8 iSjS/jjj  *  f  163 Sftv  *  f28iSvh 
*  f  |[2^w  +  fivv 

(16d) 

These  four  equations  contain  ten  unknow  t  quantities 
(ignoring  the  noise),  which  are  the  four  (complex) 
scattering  matrix  elements  and  six  (complex)  radar 
system  unknowns  (the  8's  and  the  f's).  Clearly,  to  solve 


i.e.  R  -  T.  These  are  three  of  the  required  equations, 
van  Zyl  also  assumed  that  the  backscatter  was 
reciprocal,  i.e.  Snv  *  Svh,  which  would  at  first  seem  to 
provide  a  fourth  equation,  but  on  further  examination 
of  equations  (16b)  and  (16c)  this  makes  one  of  them 
redundant,  so  the  net  number  of  equations  does  not 
increase.  Next,  van  Zyl  assumed  that  for  most  natural 
backscatter  types,  azimuthal  symmetry  holds  [31.  for 
which  the  like-  and  cross-polarized  backscatter  terms 
are  uncorrelated,  i.e.. 


(Shh  Shv  ) 


0 


(18) 


This  gave  two  more  equations,  which  allow  the 
calculation  of  the  two  cross-talk  terms.  8|  and  8j.  These 
can  vary  significantly  with  incidence  angle  as  can  be 
seen  from  the  plots  shown  in  Figure  9.  The  solution  was 
completed  by  estimating  f|f2  from  the  ratio  of  the  HH 
and  VV  measurements  from  a  trihedral.  From  (16a)  and 
(16d)  it  is  easy  to  see  that  for  a  trihedral,  with 
scattering  matrix  as  given  in  Table  |. 
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Table  2.  Calibration  Goals 


Long  and  Short-Term  Relative  Calibration  (Between 
passes  and  within  an  image  Frame) 

±1  dB 

Absolute  Calibration  (any  channel) 

±3dB 

Cross-frequency  calibration 

±1.5  dB 

Polarization  Amplitude  Imbalance  (between 
polarization  channels) 

±0.4  dB 

(2-way) 

Polarization  Relative  Phase  Calibration  (between 
polarization  channels) 

±10° 

(2-way) 

Polarization  Cross-Talk  error  (isolation) 

-30  dB 

a)  Cross-talk  amplitudes 


b)  Cross-talk  phases 


Local  Incidence  angle  (degrees) 


Local  incidence  angle  (degrees) 


Fig.  9  Plots  of  cross-talk  amplitude  and  phase  for  the 
NASA/JPL  L-band  polarimetric  SAR  system, 
showing  variations  as  a  function  of  elevation  (or 
incidence)  angle. 


(19) 

Mhh 

provided  second  order  terms  in  the  8's  and  noise  terms 
are  ignored. 

In  an  alternative  approach,  Klein  (281  showed  how  just 
the  assumption  of  backscatter  reciprocity  could  be  used 
to  give  three  equations  relating  the  system  parameters, 
which  could  replace  those  in  (30).  The  remainder  of  the 
equations  in  Klein  s  approach  were  similar  to  van  Zyl's. 
This  was  followed  by  an  analysis  of  the  problem  in 
Freeman  et  al  (29),  in  which  it  was  shown  that  the 
assumptions  underlying  van  Zyl's  and  Klein's 
approaches  were  similar  and  that  the  backscatter 
reciprocity  assumption  could  be  used  in  a 
transformation  to  reduce  the  number  of  unknown 


radar  system  terms  to  three.  Klein  and  Freeman  (301 
showed  that,  if  backscatter  reciprocity  were  assumed, 
then  only  two  man-made  targets  were  necessary  to 
solve  the  polarimetric  calibration  problem. 

Sarabandi.  Ulaby  and  Tassoudji  (311  simplified  the 
problem  by  assuming  that  all  four  cross-talk  terms 
were  zero,  using  backscatter  reciprocity  and  an 
estimate  of  f  i f 2  from  a  trihedral  or  sphere  to  complete 
the  solution.  Whitt  and  Ulaby  1321  proposed  that  there 
exists  a  rotation  of  the  H-V  coordinate  system  for  which 
84  -  0.  Then  backscatter  reciprocity  can  be  used  to  give 
three  more  equations  and  a  single  trihedral  signature 
can  be  used  to  solve  for  f  1  f 2  *nd  S 1 .  completing  the 
solution.  This  approach  gives  a  solution  for  which 
there  is  an  arbitrary  (small)  rotation  of  the  H-V 
coordinate  system,  although  they  are  orthogonal. 
Sarabandi  and  Ulaby  (331  used  the  simplifying 
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assumptions  that  the  different  pairs  of  cross-talk  terms 
were  equal  (but  not  that  f  i  -  f 2 ).  This  was  followed  by  a 
rotation  of  the  H-V  coordinate  system  such  that  81  -  82. 
with  a  trihedral  signature  then  yielding  the  remaining 
three  equations. 

Calibration  of  the  phase  difference  between 
polarization  channels  (i.e.  determination  of  arg(fi)  and 
arg(f2>  alone)  using  corner  reflector  signatures  and 
signatures  of  moderately  rough  surfaces  is  addressed  in 
1341.  An  examination  of  the  assumptions  on  the  system 
and  backscatter  behavior  required  for  this  approach  to 
be  successful  was  presented  in  1351. 

Polarization  Filtering 

We  have  seen  that  it  is  possible  to  synthesize  the 
response  of  any  target  to  arbitrary  combinations  of 
transmit  and  receive  polarizations  from  measurements 
of  the  scattering  matrix,  the  covariance  matrix  and  the 
Stokes  matrix.  We  have  also  seen  from  the  example 
polarization  signatures  that  transmit/polarization 
combinations  exist  for  which  the  synthesized  radar 
cross-section  is  maximized  or  minimized  and  that  the 
particular  combinations  of  transmit  and  receive 
polarizations  for  which  the  maximum  and  minimum 
RCS  values  are  reached  will  depend  on  the  type  of 
scattering  (eg.  Bragg,  dihedral  mechanism).  Consider 
the  problem  of  trying  to  detect  an  isolated  target  (e.g.  a 
ship)  against  a  clutter  background  (eg.  the  ocean) 
using  a  polarimetric  SAR.  In  this  case  we  would  choose 
the  transmit  and  receive  polarization  combination 
which  maximized  the  ratio  of  the  synthesized  target  RCS 
over  the  average  of  the  synthesized  clutter  RCS.  i.e.  the 
signal-to-clutter  ratio: 

_  Of  -  1  ( fKVr»  Xr)  St  p(Vt»  Xt)) f  (2o) 
°C  |(q(Vr,Xr)‘  Sc  p(¥t>  Xt))  P) 

SCR  is  also  known  as  the  contrast  ratio.  Several  authors 
have  offered  mathematical  solutions  to  this  problem 
(1361(381)  The  first  step  is  to  characterize  the 
scattering  properties  of  the  target  and  the  clutter,  i.e.  to 
determine  Sr  and  Sc  Then  the  polarizations  on 
transmit  and  receive  which  maximize  the  SCR  have  to 
be  determined.  Application  of  those  transmit  and 
receive  polarizations  to  an  entire  image  is  known  as 
polarization  filtering. 

Radar  mapping  of  vegetation  types 

Due  to  the  concern  in  the  scientific  community  over 
the  global  warming  problem,  mapping  of  vegetation 
cover  (and  changes  in  vegetation  cover),  especially  in 
tropical  rain  forest  areas,  using  remote  sensing  data 
has  received  considerable  attention  recently.  Synthetic 
Aperture  Radar,  with  it's  ability  to  collect  data  during 
day  or  night,  or  in  cloudy  conditions,  is  ideally  suited 
for  monitoring  the  earth's  remaining  tropical  rain 
forests. 

In  what  follows,  we  present  multi-frequency, 
polarimetric  SAR  results  from  a  tropical  rain  forest  site 
in  Belize,  Central  America,  as  an  example  of  the  ability 
of  polarimetric  SAR  to  map  different  vegetation  types. 
An  image  of  a  10x10km  area  is  shown  in  Figure  10.  The 
area  under  study  is  dominated  by  old  growth  upland 
tropical  rain  forest.  There  are  also  small  areas  which 
have  been  cleared  of  upland  forest  within  the  last  five 
years  and  allowed  to  re-grow.  In  addition,  there  are 
areas  of  almost  pure  palm  forest,  consisting  of  either 
cohune  or  botan  palm  trees.  There  are  several  types  or 
wetland  forests.  High  marsh  forest  has  vegetation 
resembling  the  upland  rain  forest,  but  standing  water 
is  present  during  a  large  portion  of  the  year.  Bajo  Is 
another  type  of  wetland  forest  which  grows  in  areas 
having  very  poorly  drained  day  soils.  The  vegetation 


is  short  (less  than  10  meters),  densely  packed,  and  has 
sparse  foliage.  Yet  another  wetland  forest  type  is 
swamp  forest,  consisting  of  short  trees  or  shrubs 
growing  in  standing  water.  Besides  forest,  there  are 
reed  and  sedge  marshes.  These  are  areas  of  herbaceous 
vegetation  in  standing  water.  The  sedges  are 
considerably  taller  than  reeds  (200  cm  versus  40  cm). 
In  addition  to  these  naturally  occurring  vegetation 
types  there  are  agricultural  areas  consisting  of  cleared 
areas,  bare  soil  and  various  crops. 

Table  3  contains  typical  radar  backscatter 
measurements  for  the  different  vegetation  types 
identified  in  the  area  imaged  by  the  DC-8  SAR.  From  the 
table  it  can  be  seen  that  the  very  low  radar  cross 
sections  correspond  to  open  water  and  bare  ground  at 
all  three  frequencies.  The  upland  forest  spans  a  fairly 
narrow  range  of  cross-sections.  The  range  of  radar 
cross  sections  is  given  in  the  table  by  the  two  values 
shown  in  the  table.  Radar  cross  section  tends  to 
increase  as  the  angle  of  incidence  decreases.  If 
incidence  angle  effects  are  considered,  the  radar  cross 
section  for  the  upland  forest  is  essentially  constant.  For 
other  types  of  vegetation,  at  P-Band  we  see  a  steady 
climb  in  the  HH  cross  section  as  the  biomass  of  the 
canopy  increases  until  we  reach  a  plateau  where  the 
upland  forest  begins.  The  same  feature  is  visible  in  the 
L-Band  and  C-Band  data,  but  at  L-Band  the  plateau  is 
reached  for  re-growth  vegetation  (2-3m  in  height), 
while  at  C-Band  the  plateau  is  reached  for  farmland 
vegetation  (<lm  in  height).  This  type  of  saturation  of 
radar  backscatter  with  biomass  has  been  observed 
previously.  At  all  three  frequencies,  especially  C-band. 
we  then  see  a  secondary  increase  region  in  the  HH 
radar  cross  section  data.  The  sites  corresponding  to 
these  data  points  may  have  much  less  biomass  than  the 
upland  forest,  but  they  have  a  brighter  radar  return. 
These  areas  generally  have  some  feature  which  adds  a 
secondary  scattering  mechanism  in  addition  to  the 
volume  scatter  which  dominates  the  upland  forest.  One 
site  was  a  rain  forest  area  where  the  trees  had  been  cut 
but  not  cleared  (clear-cut  in  Table  3).  The  site  had  an 
enhanced  HH  polarization  return  due  to  the  many  tree 
trunks  laying  on  the  ground.  Other  sites  with 
enhanced  backscatter  were  sites  with  vegetation 
growing  in  standing  water  (reeds,  sedge,  high  marsh 
forest,  swamp  forest,  flooded  Bajo).  In  this  case  the 
backscatter  probably  consists  of  volume  scatter  from 
the  vegetation  canopy  plus  double  bounce  scattering 
due  to  interaction  between  the  vegetation  and  standing 
water.  In  other  sites,  the  double-bounce  mechanism 
may  be  enhanced  because  the  vegetation  understory  is 
relatively  clear  (in  the  areas  designated  coffee  and 
palm  forest,  for  example). 

A  simple,  three-component  scattering  model 

We  can  begin  to  understand  the  phenomena  which  give 
rise  to  the  radar  backscatter  characteristics  seen  in 
Table  3  and  in  other  polarimetric  SAR  images  of  natural 
surfaces  by  using  a  very  simple  conceptual  model  of 
scattering.  This  model  is  more  fully  developed  in  (391: 
here  an  outline  is  presented.  We  assume  that  scattering 
from  a  vegetation  laver  is  a  combination  of  volume 
scattering  from  vegetation,  double  bounce  scattering 
from  the  ground/trunk  interaction  and  scattering  from 
a  rough  surface.  For  volume  scattering,  we  assume  that 
the  return  is  from  randomly  oriented,  very  thin 
cylinder-like  scatterers.  The  double  bounce  scattering 
component  can  be  modeled  by  scattering  from  an 
upright  (rotation  angle  -  0°)  dihedral  corner  reflector  . 
In  the  model,  both  surfaces  in  the  reflector  are  made  of 
dielectric  material,  and  the  two  surfaces  may  have 
different  dielectric  constants,  corresponding  to  trunk 
and  ground.  The  trunk  has  Fresnel  reflection 
coefficients  Rth  and  Rtv  for  horizontal  and  vertical 
polarization,  respectively.  Likewise,  the  ground  has 
Fresnel  reflection  coefficients  Rgh  and  Rgv  Tor  the 
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Vegetation  _ 

P 

band 

_ 

L- 

band 

C 

-band 

Class 

OHH 

♦hhvv 

P 

HH/VV 

HV/HH 

«HH 

♦hhvv 

P 

HH/VV 

HV/HH 

OHH 

♦hhvv 

P 

HH/VV 

HV/HH 

Open  Water 

-32.6 

58 

033 

-6.6 

-7.4 

-28.7 

-3.1 

0.63 

-7.7 

-6.6 

-237 

-18.7 

029 

-2.4 

-5.3 

Bare  Soil 

-25.1 

-8.8 

0.75 

-5.4 

-9.5 

-16.5 

-23.7 

0.75 

-1.8 

-10.4 

-9.0 

-10.0 

0.76 

-0.3 

-89 

Reeds 

-23.0 

1153 

0.72 

-10.9 

-10.7 

-9.0 

98.1 

0.54 

-3.3 

-11.6 

-0.3 

1358 

0.44 

22 

-11.9 

Farmland 

-20.3 

-12.5 

0.53 

-2.0 

-11.5 

-133 

-18.6 

0.75 

-1.5 

-11.7 

-7.6 

-12 

0.47 

0.7 

-6.4 

Regrowth 

-15.3 

20.7 

025 

-0.9 

-5.8 

-10.1 

-22.7 

0.31 

-0.1 

-55 

-5.7 

32 

0.44 

0.7 

-6.5 

Bajo 

-14.5 

70.8 

021 

-2.8 

-5.8 

-9.7 

15.1 

0.17 

0.1 

-5.6 

-6.2 

-2.1 

042 

-0.2 

-56 

Swamp  Forest 

-13.8 

149.5 

0.1 

-0.6 

-8.4 

-6.9 

1654 

0.06 

0.4 

-7.6 

-2.1 

23 

0.41 

1.2 

-8.9 

Upland  Forest 

-12.8 

323 

022 

-0.8 

-54 

-9.2 

7.9 

0.25 

0.2 

-51 

-7.4 

9.0 

0.46 

0.0 

-58 

Upland  Forest 

-11.5 

51.1 

0.14 

0.4 

-6.4 

-92 

7.9 

0.25 

0.2 

-51 

-56 

-4.1 

0.51 

0.6 

-6.6 

High  M.  F.  2. 

-11.0 

6.4 

0.16 

-2.3 

-53 

-8.4 

7.8 

0.16 

0.2 

-5.2 

-5.3 

-1.4 

0.43 

0.6 

-5.8 

Palm  Forest 

-11.3 

91.4 

021 

-0.1 

-7.2 

-8.6 

48.5 

02 

0.6 

-6.4 

-5.0 

-2.4 

0.56 

0.4 

-7.0 

Sedge 

-10.3 

93.6 

0.18 

0.5 

-7.0 

-8.8 

-57 

0.26 

-0.2 

-5.2 

-6.1 

-0.9 

0.52 

0.0 

-6.3 

Flooded  Bajo 

-9.7 

75.6 

0.16 

0.9 

-7.0 

-8.6 

31.4 

0.22 

0.6 

-5.6 

-6.4 

-2.3 

0.42 

-0.9 

5.5 

Coffee 

-9.2 

137.3 

0.4 

1.1 

-8.8 

-8.0 

52.1 

0.12 

1.7 

-7.7 

-6.6 

6.9 

0.42 

1.4 

-7.0 

Gear -cut 

-9.0 

31.0 

032 

30 

-8.5 

-7.6 

6.9 

0.4 

2.0 

-8.0 

-6.0 

8.3 

055 

1.4 

8.3 

High  M  F.  1 

-8.2 

-32.7 

029 

-1.6 

-7.5 

-4.0 

-2.5 

0.32 

21 

-7.8 

-32 

15.0 

035 

15 

-70 

•  Cross  section  results  and  ratios  are  in  dB;  phase  differences  are  in  degrees 

•  High  M.  F.  -  High  Marsh  Forest 


Table  3:  Radar  backscatter  measurements  from  typical  examples  of  the  different 
vegetation  classes. 


Vegetation 

7-hand 

L-band  _ 

_ C-band  L 

Class 

Odd 

Even 

Vol. 

Odd 

Even 

vol. 

Odd 

Even 

Vol. 

Open  Water 

0.67 

0.09 

0.24 

0.76 

0.01 

0.23 

024 

0.05 

0.70 

Bare  Soil 

0.77 

0.03 

0.20 

0.65 

0.07 

0.27 

056 

0.01 

0.44 

Reeds 

002 

093 

0.05 

0.16 

0.67 

0.17 

0.11 

059 

0.30 

Farmland 

0.65 

0.16 

0.19 

0.69 

0.08 

023 

020 

0.01 

0.79 

Regrowth 

0  14 

0.09 

076 

0.08 

005 

0.87 

0.19 

0.02 

078 

Bajo 

0.10 

0.26 

0.64 

0.02 

0.11 

0.87 

0.14 

0  01 

085 

Swamp  Forest 

0.16 

0.37 

0.47 

0.09 

029 

0.62 

036 

0.12 

052 

Upland  Forest 

0.04 

0.12 

0.84 

0.02 

003 

0.95 

0.16 

0.0 1 

083 

Upland  Forest 

005 

0.18 

0.77 

000 

0.05 

095 

023 

0.01 

076 

High  M.  F.  2 

0.04 

0.23 

073 

0.00 

0.03 

0.97 

0.12 

0.00 

088 

Palm  Forest 

002 

0.39 

0.59 

0.08 

0.14 

0.78 

029 

0  01 

0.70 

Sedge 

0.07 

025 

0.68 

0.02 

006 

0.91 

024 

0  01 

075 

Flooded  Bajo 

0.05 

0.21 

0.73 

0.00 

0.00 

094 

0.17 

0.02 

081 

Cofree 

0.00 

046 

054 

007 

025 

0.69 

023 

0.04 

07d 

Clear-cut 

0.30 

0.07 

0.63 

029 

0.06 

065 

037 

004 

0.59 

High  M  F  1 

0.30 

0  19 

0  51 

024 

0.07 

069 

0.19 

005 

076 

Table  4:  Backscatter  mechanisms  from  the  model  fit  for  typical  examples  of  the 
different  vegetation  classes. 


surface  scatter,  we  assume  a  first-order  Bragg  model 
(12)  is  adequate  to  describe  the  backscatter.  For  all  of 
these  three  backscatter  components,  we  assume  that 
like-  and  cross- polarized  returns  are  uncorrelated,  and 
that  the  backscatter  is  reciprocal  (HV  -  VH).  Now,  if  the 
volume,  double-bounce  and  surface  scatter  components 
are  uncorrelated,  the  total  second  order  statistics  are 
the  sum  of  the  statistics  for  the  individual  mechanisms; 
i.e.,  the  backscattered  powers  rather  than  voltages  are 
added.  Thus  our  model  for  the  total  backscatter  is: 


IShhl2  -  p2  f,  *  lap  fd  *  fv 

(21) 

ISwl2  -  f,  *  fd  *  fv 

(22) 

ISfivP  -  fy/3 

(23) 

Sfi*5yv  “  P  f|  '  Ct  fd  ♦  fy/3 

(24) 

where  f$,  fd  and  fv  are  the  surface,  double-bounce  and 
volume  scatter  contributions  to  the  VV  cross  section,  P 
is  a  real  number  and  a  is  given  by: 

a  _  Rgh  Rib 

Rgv  Rtv  (25) 

This  model  gives  us  four  equations  in  five  unknowns. 
In  general,  a  solution  can  be  found  if  one  of  the 
unknowns  is  fixed.  Since  neither  the  surface  or  double¬ 
bounce  mechanisms  contribute  to  the  HV  term  in  the 
model,  we  can  use  this  to  estimate  the  volume  scatter 
contribution  directly.  The  volume  contribution  can 
then  be  subtracted  off  the  I S/j*  I2,  ISyV  I2  and  SuhSyv' 
terms,  leaving  three  equations  in  four  unknowns.  After 
1401,  we  then  decide  whether  double-bounce  or  surface 
scatter  is  the  dominant  contribution  in  the  residual 
based  on  the  sign  of  the  real  part  of  S/,i,Svv’  If  Re( 
ShliSvv'  )  is  positive,  we  decide  that  surface  scatter  is 
dominant,  and  fix  a  -  I.  If  Re(  SpeSw*  )  is  negative,  we 


Fig.  10  P-band  (68cm)  NASA/JPL  DC-8  SAR  image  of  a 
tropical  rain  forest  area  in  Belize.  Central 
America. 


decide  that  double-bounce  scatter  is  dominant  in  the 
remainder  and  fix  P  -  1.  Then  we  calculate  fs.  fj  and  fi 
or  a  from  the  backscatter  measurements.  In  Table  4  we 
show  the  fraction  of  the  total  power  contributed  by 
each  of  the  three  mechanisms  (with  odd  -  surface,  dbl  - 
double-bounce  and  vol  -  volume  scatter)  for  the 
vegetation  classes  given  in  Table  3. 


performing  supervised  classification  on  polarimetric 
radar  data.  First  training  sets  are  selected,  which 
represent  different  surface  types.  Then  the  elements  of 
the  covariance  matrix  for  each  surface  type  can  be 
averaged  to  find  the  average  polarimetric  scattering 
properties  for  each  class.  Kong  et  al  (4 1 1  developed  a 
supervised  classifier  in  which  the  following  vector  is 
formed  for  each  pixel  in  the  image: 


From  Table  4,  we  see  that  the  model  predicts  that  the 
dominant  backscatter  mechanism  for  the  upland  forest 
is  volume  scatter  at  all  three  frequencies.  There  is  a 
small  (<20x)  contribution  from  the  double-bounce 
mechanism  at  P-Band.  practically  none  a;  L-Band.  and 
none  at  all  at  C-Band.  The  surface  scatter  is  very  low  al 
P-  and  L-Band.  but  contributes  '20*  of  the  C-Band 
returns.  This  may  be  caused  by  relatively  thick 
branches  in  the  upper  canopy  which  may  look  like 
surface  backscatter  at  that  wavelength.  For  the  lower 
biomass  sites  and  the  enhanced  backscatter  sites,  we  see 
the  volume  scatter  percentage  drop  for  all  three 
frequencies,  while  surface  and/or  double-bounce 
components  become  significant.  The  bare  soil  results, 
for  example,  indicate  that  surface  scattering  is 
dominant  at  all  three  frequencies,  while  for  reeds,  the 
double-bounce  term  is  dominant. 


X  = 


Sui 


i 


\  S„  I 


(27) 


then  a  distance  measure  di  (X)  is  calculated  for  each 
class  i,  where 


di  (x)  =  X*  (Ci)-’  X  +  In  |Ci|  -  In  [P,(i)]  (28) 

Cj  is  the  covariance  matrix  calculated  for  the  ith  class 
from  the  training  set  and  Pa(i)  is  the  a  priori 
probability  that  the  pixel  belongs  in  class  i.  The  pixel 
under  classification  is  classified  as  a  member  of  class  i 
if 


Supervised  Classification 

Polarimetric  SAR  data  can  be  a  very  effective  tool  for 
mapping  different  surface  cover  types.  Several 
techniques  are  available  in  the  literature  for 


di  (x)  <  dj  (x)  for  all  j  #  i  (29) 

This  classification  scheme  is  a  maximum  likelihood 
scheme  for  polarimetric  radar  data. 
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Another  type  of  classifier  is  known  as  the  minimum 
distance  classifier.  For  polarimetric  SAR  data,  a 
minimum  distance  classifier  was  implemented  by  van 
Zyl  and  Burnette.  For  this  type  of  classifier  the  distance 
measure  used  is: 

</j2(Y)  ■  |Y*  -  Y|f  (30) 

where 


18)  Sullivan.  R.  et  al,  Polarimetric  X/L/C-band  SAR. 
Proc.  IEEE  National  Radar  Conf.,  Ann  Arbor.  MI. 
pp.  9- Id,  1988 

(9)  Carver.  X..  et  al,  Shuttle  Imagine  Radar-C  Science 
Plan.  JPL  Publication  *86-29,  1986. 

(10)  Zebker,  H.  A.  and  van  Zyl.  J.  J..  Imaging  Radar 
Polar  i  me  try:  A  Review.  Proc.  IEEE.  voi.  79,  No.  11. 
November  1991,  pp.  1383-1606. 


' 

Y  = 

i 


S*v 

Sm  $kv 

Syy  Si* 

Skv  Shv 
Skv  Su, 
Saa  S» 


\ 


I 


(31) 


i.e.  a  subset  of  the  covariance  matrix  elements  and  the 
decision  rule  _is  that  the  scatterers  which  are 
represented  by  Y  are  a  member  of  the  class  i  if 


dj  (y)  <  dj  (y)  for  all  j  *  i  (32) 
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1.  SUMMARY 

Most  SAR  image  interpretation  performed  in  recent 
years  was  based  on  data  which  were  often  insuf¬ 
ficiently  calibrated.  Ground  truth  data  were  used 
for  comparison  and  interpretation. 

The  importance  of  calibration  was  recognized  by 
the  need  for  reproducible  data,  by  the  introduc¬ 
tion  of  multi frequency  and  multipolarization  sy¬ 
stems  (interchannel  calibration)  and  the  long  term 
scope  of  remote  sensing. 

Hydrologists,  especially,  requested  an  absolute 
calibration  with  tolerances  of  less  than  1  dB.  In¬ 
ternal  calibration  schemes,  as  well  as  the  use  of 
external  passive  and  active  calibrators,  were  in¬ 
troduced  to  achieve  this  goal  over  the  wide  dyna¬ 
mic  range.  The  in-flight  measurement  of  the  anten¬ 
na  pattern  by  means  of  ground  based  receivers  be¬ 
came  increasingly  important  due  to  pattern  changes 
caused  by  electronic  beam  steering  and  the  neces¬ 
sity  of  beam  alignment  in  case  of  multifrequency 
and/or  polarimetric  operation  modes. 

The  use  of  radiometric  corrections  to  compensate 
for  near  range/ far  range  differences  caused  by  an¬ 
tenna  pattern  and  geometry  of  illumination  will  be 
explained  in  the  lecture. 

The  impact  of  geocoding  on  radiometric  levels  will 
also  be  mentioned,  including  the  phenomenon  of 
over-/underexposing  hilly  regions,  caused  by  inci¬ 
dence  angle  changes. 

2.  INTRODUCTION 

For  the  Radarlab  missions,  SIR-C/X-SAR  Science 
Plans  [1,  2]  were  published  which  described  expe¬ 
riment  goals  within  the  various  disciplines  (such 
as  geology,  hydrology,  glaciology,  vegetation, 
technology) .  At  that  time,  it  was  not  possible  to 
guarantee  SAR  system  performance  as  well  as  was 
requested  by  the  scientific  user  community  (se¬ 
lected  principal  investigators  and  co-investiga¬ 
tors)  .  Critical  parameters  were  instrument  stabi¬ 
lity  and  relative  and  absolute  radiometric  cali¬ 
bration.  Consequently,  a  number  of  selected  expe¬ 
riments  in  the  field  of  technology  are  dedicated 
to  radiometric  calibration.  The  engineers  des¬ 
igning  and  manufacturing  the  SAR  sensors  were  re¬ 
quested  to  provide  internal  calibration  loops. 
Means  for  X-SAR  internal  calibration  are  described 
in  [3].  Similar  loops  were  integrated  in  the  ERS-1 
[4). 

An  overview  of  the  efforts  and  plans  of  five  years 
ago  was  published  in  (5],  and  one  year  ago  a 
workshop  was  dedicated  to  SAR  calibration  [6]. 

In  1989,  the  flights  of  NASA/JPL's  airborne  SAR 
over  various  European  test  sites  were  used  in  a 
calibration  campaign.  For  this  purpose,  42  trihe¬ 
dral  reflectors,  4  dihedral  reflectors,  as  well  as 
a  receiver  prototype  and  an  ARC  prototype,  were 
positioned  on  grassland  and  concrete  surfaces  wi¬ 
thin  DLR's  Oberpfaffenhofen  test  site.  The  corner 
reflectors  were  located  in  special  configurations, 
taking  into  account  viewing  angles,  spacing  and 


the  dynamic  range  of  radar  cross-sections  (RCS) . 
Flight  passes  were  also  performed  with  DLR's  air¬ 
borne  SAR. 

Results  concerning  the  transfer  function  between 
image  amplitude  and  radar  backscattering  coeffi¬ 
cient  o°  of  DLR's  airborne  C-band  SAR  were  publi¬ 
shed  in  [7]  and,  with  NASA/JPL's  airborne  SAR  per¬ 
formance,  in  [8] .  The  latter  reference  describes 
the  cross-calibration  between  the  2  systems  as 
well  as  the  polarimetric  calibration  of  the  JPL 
system. 

The  main  emphasis  of  the  lecture  will  be  on  the 
spaceborne  sensors,  because  an  angle  dependence  of 
o°  has  a  strong  impact  on  image  evaluation  due  to 
the  large  incidence  angle  range  coverage  of  air¬ 
borne  systems. 

3.  RADIOMETRIC  CORRECTION  OF  NEAR  RANGE/FAR  RANGE 
DIFFERENCES  AND  OF  ANTENNA  PATTERN  INFLUENCE 

Spaceborne  SAR  sensors  usually  have  a  half  power 
beamwidth  (HPBW)  of  a  few  degrees  in  elevation. 
Therefore,  the  influence  of  incidence  angle  chan¬ 
ges  on  o°  can,  in  many  cases,  be  neglected  if  the 
instantaneous  field  of  view  (IFOV)  covers  flat 
terrain.  The  range  dependence  cannot  be  neglected, 
because  it  affects  the  signal-to-noise  ratio  Sn  by 
a  power  of  3. 

A  similar  statement  can  be  made  for  the  antenna 
gain  directional  pattern  G(«),  since  the  signal- 
to-noise  ratio  increases  with  the  square  of  G(«), 
as  can  be  seen  in  the  simplified  SAR-equation  be¬ 
low: 

Sn .  K ,  a, 

R3 (8)  sinfl 

P.V  *3  ahs  rR 

K  =  -  . 

2  (4x) 3  kT0  F  u  aB 

K  is  assumed  to  be  constant,  because  the  average 
power  Pav,  wavelength  k,  azimuth  taper  factor  ahs 
(of  the  synthetic  aperture),  slant  range  resoluti¬ 
on  rR,  Boltzmann's  constant  k,  temperature  Tc, 
noise  figure  F,  platform  velocity  u  and  pulse  ta¬ 
per  factor  aB  do  not  change  with  respect  to  the 
off-nadir  angle  6. 

In  order  to  keep  Sn(«)  seeming  constant  across  the 
swath,  assuming  at  the  same  time  that  o°(«)  is 
constant  across  the  swath,  the  following  correc¬ 
tion  function  CF  is  required: 

CF  .  R3W,sin6  (2) 

G2(8) 

This  correction  causes  a  relatively  accurate 
amplitude  distribution  within  a  SAR  image  (across 
the  swath)  but,  of  course,  it  cannot  change  the 
real  signal-to-noise  ratio. 

As  an  example  for  deriving  CF,  the  X-SAR  elevation 
pattern  is  used  to  illuminate  a  "flat  Earth*  under 
40*  off-nadir  (Fig.  1). 


Fig.  X  Illumination  geometry;  swath  width  corresponds  to  HPBH. 

X-SAR  RADIOMETRIC  CORRECTION 


Fig.  2  Correction  function  CF  across  the  swath.  Near  range  is  on  the  left,  far  range  on  the 
right;  boresight  angle  of  antenna  is  0*. 

The  computed  correction  function  CF  across  the  4.  IMFLUBUCI  OF  BOMSIGHT  IRRORS  DOB  TO  UHKJMW 

swath  within  the  HPBH  is  shown  in  Fig.  2.  The  ATTITUDB  BRROR  III  ROLL  DIRECTION 

asymmetric  shape  is  caused  by  the  illumination 
geometry. 


For  known  antenna  pointing  and  given  (or  measured) 
pattern  shape  in  elevation,  it  is  possible  to  ap- 


Fig.  3  Predetermined  X-SAR  elevation  pattern. 
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Fig.  4  Gain  error  function  for  various  boresight  angle  errors;  solid  line  ±  0.3°,  and  dashed- 
dotted  line  +  0.4°. 


ply  equation  (2)  to  correct  the  image  amplitude.  5.  ANTENNA  PATTERN  MEASUREMENT 


In  case  the  pointing  error  is  unknown,  a  radiome¬ 
tric  error  will  be  produced  which,  in  most  cases, 
cannot  be  corrected. 

For  instance,  the  predetermined  X-SAR  elevation 
pattern  (Fig.  3)  is  used  to  compute  a  gain  error 
function  (Fig.  4)  for  various  boresight  uncertain¬ 
ties  (0.1°  to  0.4°  angle  deviations).  An  HPBW  of 
about  ±  3°  (in  Fig.  4)  is  relevant  for  the  swath 
width  of  X-SAR. 

The  gain  error  function  has  to  be  squared  to  show 
its  impact  on  image  amplitudes  (grey  levels  of  SAR 
image) . 


As  mentioned  in  part  3  of  this  paper,  the  antenna 
pattern  must  be  known  for  precise  radiometric  cor¬ 
rection.  In  view  of  strong  mechanical  stress  du¬ 
ring  launch,  possible  deployment  errors  and  ther¬ 
mal  effects,  the  actual  inflight  antenna  pattern 
should  be  used  to  achieve  the  highest  quality  res¬ 
ults.  In  our  institute,  we  use  a  large  number  of 
high  precision  calibration  receivers,  aligned  in 
the  cross-track  direction  (see  Fig.  5)  to  measure 
the  azimuth  cuts  of  the  actual  antenna  pattern. 
Every  receiver  digitizes  and  stores  each  received 
radar  pulse  as  16  samples.  In  parallel,  UTC  is 
co-registered  with  high  precision  (10"’),  so  that 
the  measured  azimuth-cuts  can  later  be  time-cor¬ 
related  and  the  required  elevation  main  cut  of  the 
antenna  pattern  can  be  reconstructed.  Of  course, 
the  precise  location  of  the  SAR-sensor  vs.  time 
must  be  known  to  convert  the  time  of  pulse  receipt 
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Fig.  5:  Schematic  experiment  set-up. 


Fig.  6:  Registered  pulseshapes  from  NASA/JPL's  C-band  HH  DC-8  SAR. 


into  antenna  angles.  It  is  also  mandatory  to  pre¬ 
cisely  know  the  attitude  data  of  the  platform  as 
well  as  the  location  of  each  receiver. 

In  the  1991  NASA/JPL  airborne  SAR-campaign  over 
our  test  site,  we  had  a  first  opportunity  to  test 
our  measuring  system  [9] . 

Fig.  6  shows  registered  radar  pulses  from  the 
C-band  SAR  of  NASA/JPL's  DC-8  (horizontal  po¬ 
larization).  Slight  distortions,  i.e.  decreasing 
power  from  begin  to  end  of  the  pulse  can  be  seen, 
probably  due  to  the  wide  chirp  used  and  the  rela¬ 
tively  small  antenna  bandwidth. 

An  azimuth  cut  can  be  obtained,  by  integrating  the 
pulse  energies  and  plotting  them  against  time.  The 
time-correlation  of  all  azimuth  cuts  gives  the 
main  cut  of  the  antenna  elevation  pattern  (see 
Fig.  7). 


The  relatively  large  deviations  of  the  measured 
points  from  the  fitted  curve  in  Fig.  7  can  be  ex¬ 
plained  by  3  facts: 

1)  precise  flight  and  attitude  data  have  not  yet 
been  received  from, 

2)  the  positions  of  the  receivers  were  only  known 
to  about  ±  100m, 

3)  at  the  time  of  the  experiment  not  all  of  our 
equipment  was  fully  calibrated. 

These  drawbacks  will  be  eliminated  in  our  future 
experiments  with  spacebome  SAR-sensors  (all  re¬ 
ceivers  are  fully  calibrated  now,  positions  are 
determined  using  differential  OS  and  precise  or¬ 
bit  and  attitude  data  are  available  from  the  sa¬ 
tellite  owners) . 


The  co-registration  of  the  time  of  pulse  receipt 
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Fig.  7  Reconstructed  main  cut  of  the  antenna  elevation  pattern. 


Fig.  8  X-SAR  calibration  block  diagram. 

can  yield  two  sets  of  further  information: 

Precise  measurement  of  cross-band  beam  alignment 
in  azimuth  and  elevation  direction  (especially 
suitable  in  the  X-SAR/SIR-C  mission)  and  possible 
antenna  squint  angles. 

Our  system  will  be  used  in  all  present  and  near¬ 
future  SAR  missions  (ERS-1,  JERS-1,  X-SAR/SIR-C, 
PRIRODA) . 

6.  INTERNAL  CALIBRATION 

Spaceborne  SAR  systems  should  have  life  times  be¬ 
tween  3  and  €  years  without  too  much  degradation 
in  performance.  Internal  calibration  loops  are  ad¬ 
visable  to  monitor  system  stability.  For  the  high 
power  output,  monitoring  can  be  achieved  by  measu¬ 
ring  a  small  portion;  the  measuring  point  could  be 
a  directional  coupler  between  the  high  power  am¬ 
plifier  (HPA)  and  the  antenna. 

Receiver  gain  stability  and  linearity  can  be  mea¬ 
sured  by  feeding  a  small  part  of  the  radar  signal 
via  attenuators  through  the  whole  receiver  chain. 
For  power  leakage  problems,  the  HPA  is  usually 
switched  off  during  this  test  phase  and  the  signal 
is  taken  from  a  low  power  section. 

Furthermore,  the  actual  chirp  can  be  measured  be¬ 


fore  and  after  data  takes.  It  can  be  used  to  dedu¬ 
ce  an  optimum  reference  function  for  processing. 
The  test  signal  can  either  be  taken  from  the  low 
power  part  of  the  radar  transmitter  (HPA  is  swit¬ 
ched  off)  or  from  the  directional  coupler  between 
the  HPA  and  antenna.  In  the  latter  case,  the  low 
noise  amplifier  (LNA)  will  be  bypassed.  These 
loops  are  indicated  in  the  block  diagram  in  Fig. 8. 

Internal  calibration  of  active  array  antennae  is 
more  complicated  due  to  the  large  number  of  trans¬ 
mit/receive  modules  (T/R  modules),  which  can  easi¬ 
ly  reach  several  hundred  to  several  thousand. 

These  T/R  modules  ^f  the  next  generation  SAR  an¬ 
tennae  will  be  designed  and  manufactured  in  mono¬ 
lithic  microwave  integrated  circuitry  (MMIC)  ba¬ 
sed  on  GaAs  technology.  Besides  control  and  moni¬ 
tor  units  (power,  phase  shifter,  polarization),  a 
time  sequential  check-out  of  the  transmitter  and 
receiver  stages  is  necessary.  Different  concepts 
using  separate  feeding  networks  to  distribute  or 
collect  calibration  signals  within  the  active  ar¬ 
rays  are  presently  under  study  at  various  centres. 

For  internal  calibration,  the  balance  and  orthogo¬ 
nality  of  in-phase  and  quadrature  channel  (after 
demodulation)  are  important.  Error  analyses  for 
X-SAR  have  shown  that  5*  deviation  from  orthogona¬ 
lity  causes  about  0.2  dB  amplitude  error  and  0.2 
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Fig.  9  E-SAR  system  transfer  function. 
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Fig.  10  DC-8  SAR  system  transfer  function. 


dB  imbalance  an  additional  error  of  up  to  0.2  dB.  7.  EXTERNAL  CALIBRATION 


Another  source  of  SAR  signal  contamination  is  the 
total  system  noise.  This  noise  is  mainly  composed 
of  contributions  from  the  sensor  itself  (ADC,  LNA, 
ohmic  losses)  and  the  earth  surface.  In  the  case 
of  the  X-SAR  system,  this  quantity  is  estimated 
before  mission  and  measured  in  a  receive-only  mode 
during  mission.  On  the  raw  data  stage  a  noise 
subtraction  takes  place  by  using  the  resulting 
noise  data. 


External  calibration  can  only  be  usefully  perfor¬ 
med  after  having  accomplished  the  previously  des¬ 
cribed  internal  calibration  and  radiometric  cor¬ 
rections.  The  main  objective  in  the  scope  of  abso¬ 
lute  radiometric  calibration  is  the  determination 
of  the  overall  SAR  system  transfer  function  rela¬ 
ting  image  amplitudes  Pj.  to  o°-values,  as  expres¬ 
sed  in  the  following  equation: 
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o°  =  10-lglPi)  -  lO-lg(K')  -  10-lg(rA  rR)  .  (3) 
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Fig. 

P±  is  the  image  power  in  the  case  of  distributed 
targets  and  the  impulse  response  minus  an  averaged 
clutter  (noise)  level  for  point  targets;  rA  deno¬ 
tes  the  azimuth  resolution.  K'  is  slightly  diffe¬ 
rent  to  the  factor  K  of  equation  (1)  because  of 
the  inclusion  of  the  processing  gain  which  is  ach¬ 
ieved  by  forming  the  synthetic  aperture.  External 
reference  targets  with  known  RCS-values  have  to  be 
used  in  order  to  determine  the  calibration  factor 
K' .  Corner  reflectors  and  active  radar  calibrators 
(ARC)  are  appropriate  tools  to  fulfil  this  task 
for  the  central  and  upper  parts  of  the  system 
transfer  function,  whereas  in  situ  RCS  measure¬ 
ments  with  scatterometers  of  especially  selected 
area-extended  targets  are  helpful  to  determine  the 
lower  part  of  the  system  transfer  function. 

As  an  example,  results  of  the  1989  Oberpfaffenh- 
ofen  airborne  SAR  calibration  campaign  are  presen¬ 
ted  in  Fig.  9  and  10.  These  figures  show  the 
C-band  w  overall  system  transfer  functions  of 
DLR's  experimental  SAR  (E-SAR)  and  NASA/JPL's  DC-8 
SAR.  Both  system  transfer  functions  represent  best 
fits  of  the  corner  reflector  responses  as  marked 
by  triangles  in  the  two  figures.  The  calibration 
factors  for  both  systems  could  be  determined  with 
an  accuracy  better  than  1  dB,  showing  a  fairly 
good  calibration  performance  for  airborne  SARs.The 
o°  correspondence  due  to  the  SAR  systems  involved 
has  been  determined  to  be  within  the  1  dB  error 
bounds  for  two  typical  earth  surface  object  clas¬ 
ses:  grass  land  and  concrete. 

Cross-calibration  becomes  more  and  more  important 
in  order  to  keep  the  effort  and  expenditure  on 
multichannel  and  multisensor  calibration  within 
tolerable  limits.  This  is  especially  true  in  view 
of  the  upcoming  spaceborne  missions,  such  as 
X-SAR/SIR-C  and  the  follow-on  activities.  A  measu¬ 
re  of  cross-calibration  quality  is,  for  instance, 
the  RCS  accordance  of  equally  sized  corner  reflec¬ 
tors  derived  from  image  data  from  two  different 
SAR  systems.  Such  an  example  of  thirteen  0.9  m 
corner  reflector  responses  concerning  the  C-band 
w  mode  of  the  E-SAR  and  DC-8  SAR  is  illustrated 
in  Fig.  11  together  with  the  theoretical  RCS  va¬ 
lue. 


The  mean  values  determined  were  28.9  dBm2  and  29.0 
dBm2,  which  are  in  good  mutual  agreement  and  also 
in  good  agreement  with  the  theoretical  value  of 
29.3  dBm2. 

Fully  polarimetric  SAR  sensors,  such  as  the  DC-8 
SAR  and  the  SIR-C  system,  additionally  require  the 
application  of  polarimetric  calibration  procedu¬ 
res.  Such  procedures  imply  the  elimination  of  the 
sensor  induced  distortions  cross-talk  and  channel 
imbalance.  This  can  be  accomplished  by  utilizing 
either  different  types  of  comer  reflectors  or 
clutter  statistics  together  with  trihedral  corner 
reflectors  [10). 

8.  GEOCODING 

Due  to  the  sidelooking  illumination  geometry  and 
the  "azimuth-range-imaging"  of  SAR,  mountains  seem 
to  bow  toward  the  sensor.  This  phenomenon  is  known 
as  foreshortening  and,  in  the  worst  case,  as  lay¬ 
over.  The  latter  happens  in  cases  when  mountain 
peaks  are  less  distant  from  the  sensor  than  the 
valley  in  front  of  them. 

In  Fig.  12  the  foreshortening  can  easily  be  seen 
by  comparing  the  projected  slope  area  in  front  of 
the  mountain  Sf,  which  appears  in  the  SAR  image  as 
(R2  -  Rj) ,  and  the  projected  slope  area  behind  the 
mountain  Sb,  which  appears  in  the  image  as  (R3  - 
R2) . 

The  power  density  relationship  Sr  between  (R2  - 
Rj)  and  (R3  -  R2)  can  be  approximated  as  follows 

Sf  R3-R2  (R1+R2) <R3-R2) («2-#i> 

rI^RT  IT"  '  (R3+R2)  (R2-R1)  <*3-«2>  ‘  <4) 

The  second  and  third  factors  in  the  numerator  are 
larger  than  in  the  denominator  (see  Fig.  12)  arid, 
therefore,  the  power  density  ratio  is  »  1. 

This  can  be  seen  in  SAR  images  in  the  form  of 
bright  slopes  in  front  of  mountains. 

Geocoding  means  precise  rectification.  For  this 
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Fig.  12  Illumination  geometry  for  a  mountain. 
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purpose,  about  a  dozen  control  points  from  maps 
(scale  1:50.000)  will  be  used  (for  instance  for 
ERS-1  images) . 


No  additional  radiometric  correction  will  be  ap¬ 
plied  (see  Fig.  13).  A  very  rough  correction  would 
be  the  inverse  application  of  equation  (4),  assu¬ 
ming  an  isotropic  scattering  behaviour  of  the  slo¬ 
pes. 


This  assumption  is  not  valid,  especially  not  in 
the  presence  of  vegetational  layers.  A  tool  to  in¬ 
clude  radiomeric  correction  according  to  the  inci¬ 
dence  angle  could  be  the  incidence  angle  dependent 
o°.  But  again  this  implies  some  a  priori  knowledge 
about  the  ground  consistency. 
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1.  SUMMARY 

The  use  of  software  tools  as  an  investigative  me¬ 
thod  is  particularly  important  in  the  case  of  syn¬ 
thetic  aperture  radar  sensors,  as  the  geometry 
cannot  be  reproduced  in  the  laboratory.  Also,  the 
complete  SAR  system,  from  the  target  via  the  pro¬ 
pagation  path,  sensor  and  image  processor  to  the 
final  image,  represents  a  highly  complex  data 
chain,  which  cannot  be  treated  in  part. 

The  lecture  discusses  different  approaches  from 
parametric  analysis  tools  to  full-blown  simulators 
capable  of  analysing  all  elements  of  the  SAR  sy¬ 
stem.  The  latter  will  be  illustrated  with  the  aid 
of  the  SARSIM  simulator,  which  was  used  for  con¬ 
firming  parameters  of  the  ERS-1  Active  Microwave 
Instrument  (AMI) . 

Particular  emphasis  will  be  placed  on  the  simula¬ 
tion  of  target  scattering  mechanisms,  the  under¬ 
standing  of  which  is  essential  if  the  potential  of 
SAR  systems  is  to  be  fully  exploited,  and  on  the 
modelling  of  sensor  characteristics. 

The  author  would  like  to  thank  T.  Pike  and  S.  Pot¬ 
ter  for  the  use  of  material  and  K.-H. Zeller  for 
useful  discussions. 

2.  INTRODUCTION 

The  term  SAR  simulation  is  used  for  a  wide  range 
of  software  tools  to  help  design  and  evaluate  SAR 
systems.  Clearly,  such  an  approach  can  be  much  mo¬ 
re  economical  than  performing  experiments,  bearing 
in  mind  the  difficulty,  and  in  the  case  of  satel¬ 
lite  sensors,  impossibility  of  achieving  a  reali¬ 
stic  geometry. 

In  this  lecture,  we  will  differentiate  between 
analytic  tools  and  simulators.  The  former  term 
encompasses  all  purely  algorithm  based  programs, 
whereas  the  simulators  attempt  to  mimic  as  many 
parts  of  the  SAR  system  as  possible. 

In  general,  an  analytic  approach  to  solving  a 
problem  is  preferable  to  simulation,  because  it 
leads  to  a  more  complete  understanding  of  the 
problem.  However,  sometimes  problems  arise  which 
are  not  accessible  to  analysis.  Experiment  or  si¬ 
mulation  are  then  the  only  alternatives.  Simula¬ 
tion,  like  experimentation  can  also  usefully 
augment  analysis  and  provide  valuable  confirmation 
that  the  understanding  of  the  mechanisms  within 
the  system  is  correct. 

It  is  clearly  out  of  scope  of  one  lecture  to  dis¬ 
cuss  the  algorithms  of  such  tools  in  detail  and  so 
the  emphasis  will  be  placed  on  architecture  and 
performance. 

3.  ANALYTIC  TOOLS 

When  confronted  with  analysing  a  SAR  system,  one 
is  faced  with  a  multitude  of  parameters  many  of 
which  are  strongly  interdependent  and  all  of  which 
impact  on  performance  and  sensor  design. 


The  first  challenge  for  the  SAR  engineer  is  the 
system  design,  which  requires  juggling  with  the 
system  parameters  until  the  required  performance 
is  met.  This  can  be  described  as  a  'bottom  up'  ty¬ 
pe  of  analysis,  i.e.  starting  with  a  set  of  per¬ 
formance  requirements  and  external  constraints, 
the  engineer  attempts  to  find  a  set  of  design  pa¬ 
rameters  to  meet  his  goal.  This  procedure  is  often 
called  parametric  analysis  and  culminates  in  a  set 
of  performance  specifications. 

The  second  task  arises  when  the  system  design  has 
firmed  up  and  the  engineer  needs  to  monitor  whet¬ 
her  the  performance  is  being  met.  This  is  the  top 
down  approach,  deriving  the  performance  characte¬ 
ristics  from  the  estimated  or  measured  sensor  pa¬ 
rameters  . 

The  performance  of  a  SAR  sensor  is  described  in 
terms  of  imaging  parameters  [1].  As  a  SAR  image 
only  materializes  after  considerable  data  proces¬ 
sing,  the  SAR  processor  characteristics  have  also 
to  be  considered  in  the  analysis.  Clearly,  some¬ 
where  the  engineer  has  got  to  put  stakes  in  the 
ground  or  his  design  will  never  converge.  It  is 
probably  fortunate  that  some  constraints  exist 
such  as  physical  dimensions,  platform  flight  path 
(orbit)  available  power  etc.,  limiting  the  degrees 
of  freedom.  Nevertheless,  it  will  generally  be  ne¬ 
cessary  to  freeze  those  parameters  which  are  not 
part  of  the  design  task.  For  example,  the  SAR  pro¬ 
cessor  characteristics  will  be  fixed  when  de¬ 
signing  the  SAR  sensor  and  vice  versa. 

3 . 1  Parametric  Analysis 

Parameric  analysis  software  can  be  regarded  as  a 
suite  of  software  utilities  to  aid  in  the  design 
of  the  SAR  system.  Because  of  the  large  numbers  of 
choices  open  to  the  SAR  engineer,  frequent  inter¬ 
action  with  the  user  is  necessary.  There  is  no 
hard  and  fast  rule  as  to  where  one  starts  in  des¬ 
igning  the  system,  but  the  timing  scheme,  i.e.  the 
choice  of  pulse  repetition  frequencies  (PRFs)  and 
the  position  and  duration  of  the  received  echo 
need  to  be  defined  at  an  early  stage. 

3.1.1  Timing 

The  minimum  PRF  is  determined  by  the  width  of 
the  received  Doppler  spectrum,  it  needing  to  be 
higher  to  satisfy  the  Nyquist  sampling  theory. 

The  steps  to  arrive  at  the  PRF  are  as  follows: 

•  The  width  D  (azimuth  dimension)  of  the  antenna 
is  derived  from  the  required  azimuth  resolution 
Remember  the  rule  of  thumb  that  the  single  look 
azimuth  resolution  is  half  the  antenna  width. 

•  The  antenna  beamwidth  can  be  calculated  from  the 
physical  width: 


k  is  the  broadening  factor  due  to  weighting  of 
the  antenna  aperture  and  1  is  the  wavelength,  k 
is  0.888  for  an  unweighted  aperture,  which  can 
be  shown  to  be  optimum,  if  the  PRF  is  chosen  to 
just  meet  the  sampling  requirement  (see  below) . 
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Fig.  1  Timing  for  the  ERS-1  satellite  derived  by  the  Cross-trade  Geometry  Program.  The  wanted  echo 
window  is  identified  by  the  vertical  lines. 


•  Now  the  width  of  the  received  Doppler  spectrum 
Bd  can  be  calculated: 

2V 

Bd  =  — j—  ,  (2) 

where  V  is  the  velocity  of  the  sensor  platform. 

•  To  satisfy  Nyquist,  the  PRF  needs  to  exceed  the 
bandwidth: 

PRF  >  1.2  Bd  .  (3) 

The  above  steps  are  simple  approaches  which  can 
require  more  sophistication,  depending  on  the  case 
in  hand.  In  effect,  a  software  utility  needs  to  be 
developed  to  handle  all  aspects.  For  example,  the 
last  step,  where  adequate  sampling  is  considered, 
ensures  that  ambiguous  responses  in  azimuth,  due 
to  aliasing  unwanted  energy  into  the  wanted  Dopp¬ 
ler  spectral  band,  can  also  be  influenced  by  the 
characteristics  of  the  azimuth  compression  routine 
in  the  SAR  processor.  However,  the  design  of  many 
SARs  has  started  down  this  path. 


The  bands  are  plotted  on  a  graph  of  PRF  versus 
off-nadir  angle  (angle  between  the  target  and 
the  vertical)  and  ground  distance  (distance  be¬ 
tween  the  target  and  the  ground  track) .  The  axes 
can  also  be  swapped  around.  For  the  wanted  swath, 
the  user  can  select  the  PRF,  rank  (number  of 
transmit  pulses  after  which  the  echo  is  received) 
and  the  maximum  and  minimum  off-nadir  angles,  i.e. 
the  limits  of  the  antenna  elevation  pattern.  The 
program  calculates  the  position  of  the  unwanted 
ambiguous  echoes  enabling  the  requirements  on  the 
elevation  pattern  to  be  derived. 

3.1.2  Link  Budget 

Once  the  timing  has  been  defined,  the  geometry  is 
known  and  the  link  budget  can  be  computed  accor¬ 
ding  to  the  radar  equation.  This  is  a  straight 
forward  task  and  doesn't  require  much  software 
sophistication. 

The  following  form  of  the  radar  equation  can  easi¬ 
ly  be  realised  with  a  spreadsheet.  Table  1  gives 
an  example  with  the  values  for  the  ERS-1  satelli¬ 
te. 


The  timing  of  the  received  echoes  requires  consi¬ 
deration  of  the  cross-track  geometry  and  the  pulse 
characteristics  of  the  radar.  The  art  is  to  find 
space  between  successive  transmit  pulses  for  the 
echo  with  enough  margin  for  the  receiver  to  settle 
back  to  full  performance.  Another  constraint  is 
that  the  echo  from  immediately  beneath  the  sensor 
(nadir)  should  also  not  fall  close  to  the  echo 
window.  Having  an  incidence  angle  of  90°  it  can  be 
strong  enough  to  overload  the  receiver.  Particu¬ 
larly,  for  satellite  geometries,  many  pulses  may 
be  underway  before  the  echo  is  received  (for  ERS-1 
9)  and  just  as  many  nadir  echoes  exist.  These  am¬ 
biguous  echoes  interfere  with  one  another  and  have 
to  be  suppressed  by  the  antenna  elevation  pattern. 

An  example  of  a  software  utility  for  analysing  the 
timing  is  the  Cross-track  Geometry  Program  develo¬ 
ped  by  the  DLR.  Fig.  1  shows  a  typical  example  for 
the  .  1S-1  satellite.  The  program  computes  the  va¬ 
lid  bands  where  the  echo  is  corrupted  by  neither 
the  preceeding  or  succeeding  transmit  pulses,  nor 
the  nadir  echo.  Forbidden  areas  are  shown  hatched. 


The  radar  equation  for  a  single  look  in  the  final 
image  can  be  written: 


[A]  [B]  [C]  [D] 

[E]  [F]  [G]  [H] 


G*  =  one  way  antenna  gain, 

P  -  transmit  power, 

Nc  =  receiver  noise  density, 

tp  «  transmit  pulse  length, 

tcp  =  compressed  pulse  length, 
ti  =  azimuth  integration  time, 
PRF  *  pulse  repetition  frequency, 
X  =  wavelength, 

r  >  slant  range, 

c0  ■  velocity  of  light. 
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Fig.  2  Azimuth  impulse  response  computed  with  IMPRES. 


i  =  incidence  angle, 

Vs  =  satellite  velocity, 
o0  *  backscatter  coefficient, 

Latm  =  atmospheric  loss, 

LP  =  processing  loss. 

The  terms  have  been  grouped  to  separate  the  va¬ 
rious  influences. 

[A]  =  RF  sensor  parameters,  called  'nomi¬ 

nal  gain'  foe  ERS-1, 
rB]  =  range  compression  gain, 

[C]  =  noise  bandwidth, 

ID]  =  free  space  loss, 

[E]  =  range  resolution, 

[F]  *  azimuth  resolution, 

[G]  *  target  backscatter  coefficient, 

[H]  =  losses. 

The  radiometric  resolution  j  is  computed  from  the 
expression: 

i  +  1 

T  S/N  1 

T  =  10  log  1  +  -  ,  (5) 

1  1 

where  L  is  the  effective  number  of  looks. 

3.1.3  Impulse  Response 

The  shape  of  the  impulse  response  of  a  SAR  sensor 
is  dependent  on  the  used  weighting  functions  and 
the  phase  and  amplitude  errors.  The  latter  can  be 
due  to  sensor  imperfections  and,  in  the  case  of 
the  azimuth  response,  also  due  to  errors  in  the 
knowledge  of  the  flight  path.  The  DLR  program  IMP- 
RES  [2]  derives  the  range  impulse  response  from 
the  chirp  characteristic,  the  range  weighting 
function  and  amplitude  and  phase  errors.  With  the 
azimuth  response,  instead  of  the  chirp,  the  Dopp¬ 
ler  characteristics  determine  the  resolution.  The 
weighting  function  and  errors  can  either  be  ent¬ 
ered  as  formulae  or  from  look-up  tables.  Fig.  2 
shows  an  example  of  the  azimuth  response  showing 
panedechoes.  Fig.  3  shows  an  impressive  two-dimen¬ 
sional  representation,  which  however,  can  be  dif¬ 
ficult  to  interpret. 

IMPRES  also  evaluates  the  impulse  response  and 
computes  resolution,  peak  sidelobe  ratio  and  inte- 
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Table  1  Spreadsheet  of  the  link  budget  using  the 
example  of  the  ERS-1  satellite. 

grated  sidelobe  ratio. 

3.1.4  Performance  Estimation 

The  above  tools  are  designed  to  be  quick  and  easy 
to  use  and  run  fast  enough  to  be  able  to  iterate 
the  design.  They  can,  therefore,  be  called  upon  to 
perform  both  the  top-down  and  bottom-up  design 
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Fig.  3  Two-dimensional  impulse  response. 


tasks  mentioned  above.  Separate  utilities  like 
these  have  the  advantage  over  comprehensive  para¬ 
metric  analysis  packages  that  they  are  easier  to 
master.  The  DLR  Perform*  -ce  Estimator  (3]  software 
is  such  a  package  which  uses  more  sophisticated 
versions  of  the  above  utilities. 

The  Performance  Estimator  was  originally  developed 
for  the  X-SAR  sensor  to  be  flown  on  space  shuttle 
together  with  the  SIR-C  sensor  in  1993.  It  grew 
out  of  the  need  to  provide  the  operators  during 
the  mission  with  a  tool  to  ensure  that  the  radar 
is  optimally  adjusted  before  each  data  take.  Expe¬ 
rience  with  the  preceeding  SIR-A  and  SIR-B  missi¬ 
ons  had  shown  that  the  predicted  shuttle  position 
and  attitude  was  so  inaccurate  that  relying  on 
preset  parameters  meant  that  target  sites  could  be 
missed.  This  led  to  an  architecture  for  the  Per¬ 
formance  Estimator  which  has  not  only  fulfilled 
the  requirements  of  shuttle  missions  but  also  of 
conventional  SAR  satellites  like  ERS-1  and  airbor¬ 
ne  SARs  like  the  DLR  E-SAR. 

Fig.  4  shows  a  schematic  of  the  Performance  Esti¬ 
mator.  Its  basic  architecture  follows  the  approach 
described  above.  In  the  case  of  satellite  plat¬ 
forms,  the  geometry  is  calculated  from  the  orbit 
parameters  and  the  position  of  the  target  site. 

For  airborne  sensors  or  cases  where  the  orbit  pa¬ 
rameters  are  not  known,  a  fixed  geometry  can  be 
entered.  The  radar  parameters  are  stored  in  two 
ways,  differentiating  between  those  which  will 
eventually  be  fixed  and  those  which  can  be  changed 
by  the  operator,  for  instance,  by  means  of  tele¬ 
commands  from  the  ground.  Examples  of  the  latter 
are  timing  parameters,  gains  antenna  pointing, 
etc.  The  'fixed'  parameters  are  stored  in  the  so- 
called  systems  file,  whereas  the  parameters  under 
operator  control  are  calculated  and  ranked  by  the 
Estimator,  providing  the  user  with  a  choice. 
Clearly,  the  'fixed'  parameters  can  be  changed  at 
any  time.  Typically  the  specifications  of  the  ra¬ 
dar  parameters  would  be  used  as  fixed  parameters 
in  the  early  phase  of  sensor  design  to  be  replaced 
by  true  measured  values  later. 

The  algorithms  used  in  the  Estimator  are  coded  in 
the  program  but  in  some  cases  a  choice  of  algo¬ 
rithms  is  provided.  An  example  of  this  is  the  al¬ 
gorithm  for  choosing  the  optimum  gain  setting, 


Fig.  4  Schematic  diagram  of  the  Performance  Esti¬ 
mator. 


where  different  philosophies  can  be  used,  depen¬ 
ding  on  the  sensor. 

The  Estimator  first  calculates  the  timing  parame¬ 
ters  by  running  through  all  the  available  PRFs  to 
see  which  PRFs  meet  the  requirements.  Where  image 
quality  is  affected  simple  algorithms,  as  given  in 
Section  3.1.1  are  used  for  the  bottom  up  analysis. 
The  PRFs  for  which  adequate  solutions  are  found 
are  ranked  according  to  criteria,  which  can  be  se¬ 
lected  by  the  operator.  The  solutions  are  dis¬ 
played  on  the  timing  page  (see  Table  2) .  The  ti¬ 
ming  page  also  lists  the  performance  parameters 
which  are  dependent  on  geometry  and  timing  like 
swath  width  and  position,  and  spatial  resolution. 
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Table  2  Example  Performance  Estimator  timing  page 
(ERS-1) . 


The  next  phase  of  the  Performance  Estimator  is  to 
calculate  the  imaging  performance  for  the  various 
PRF  solutions.  Normally,  the  three  highest  ranked 
PRF  solutions  will  be  analysed  but  the  operator 
can  change  the  ranking  or  the  number  of  solutions, 
if  he  desires. 


Imaging  performance  is  displayed  on  three  screens: 
signal  to  noise,  ambiguity  ratios  and  target  de¬ 
tection. 


Using  built  in  algorithms  for  the  radar  equation 
digitisation  noise,  bit  error  noise  and  a  variety 
of  scenarios  for  the  normalised  backscatter  coef¬ 
ficient  oOI  the  Estimator  computes  the  signal-to- 
noise  ratios  for  each  selected  PRF  solution  and 
nine  positions  across  the  swath.  The  S/N  at  the 
input  to  the  analogue-to-digital  converter,  i.e. 
the  video  S/N,  the  S/N  for  each  processed  look  and 
the  multilook  S/N  are  ail  calculated.  From  the 
latter  the  radiometric  resolution  can  be  computed. 
The  dynamic  range  is  the  range  of  signal  powers 
over  which  a  particular  requirement,  e.g.  radio- 
metric  resolution  is  met.  The  Estimator  searches 
over  a  range  of  oQ  values  until  the  radiometric 
resolution  goes  out  of  specification.  Table  3 
shows  typical  results  for  the  ERS-1  satellite. 
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Azimuth  ambiguities  occur,  due  to  aliasing  of  un¬ 
wanted  Doppler  frequency  bands  into  the  wanted  re¬ 
gion.  The  latter  are  suppressed  by  the  antenna 
azimuth  pattern.  The  azimuth  ambiguity  ratio  is 
calculated  by  integrating  the  energy  in  the  Dopp¬ 
ler  band  selected  by  the  SAR  processor  and  the 
energy  in  the  ambiguous  bands  and  dividing.  Apart 
from  the  azimuth  antenna  pattern,  the  processed 
Doppler  bandwidth  and  the  weighting  function  used 
for  azimuth  compression  have  to  be  taken  into  ac¬ 
count.  A  large  number  of  weighting  functions  can 
be  selected.  Again  the  azimuth  antenna  pattern  can 
be  entered  as  an  analytic  function  or  as  a  look-up 
table. 

The  distributed  target  ambiguity  ratio  is  calcula¬ 
ted  by  combining  range  and  azimuth  ambiguity  ra¬ 
tios.  Table  4  shows  typical  values  for  the  ERS-1 
satellite. 
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Table  4  Example  of  the  Performance  Estimator  ambi¬ 
guity  performance. 


The  target  detection  characteristics  describe  the 
ability  of  a  SAR  sensor  to  detect  point  targets 
above  a  distributed  target  background. 

Man-made  targets  generally  consist  of  single  or 
combinations  of  discrete  scattering  centres  and 
can  be  regarded  as  having  deterministic  proper¬ 
ties.  Such  scatterers,  often  called  point  targets, 
are  usually  much  smaller  in  extent  than  the  re¬ 
solution  cell  size.  Although  the  radiometric  re¬ 
solution  can  be  calculated  for  such  targets,  the 
user  is  more  interested  in  the  ability  to  detect 
targets  above  the  system  noise  or  distributed  tar¬ 
get  background  (clutter) . 


To  detect  a  scattering  centre  or  point  target  suc¬ 
cessfully  it  must  be  brighter  than  the  brightest 
point  in  the  speckled  background. 

In  principle,  the  radiometric  resolution  can  be 
calculated  for  point  targets  and  this  can  be  a 
useful  parameter  if  the  radar  cross  section  of  the 
target  needs  to  be  measured  with  known  precision. 
The  application  considered  here,  to  image  man-made 
objects  consisting  of  one  or  several  dominant 
scattering  centres,  requires  that  the  weakest 
scatterer  can  still  be  resolved  above  the  back¬ 
ground.  If  sufficient  scatterers  from  the  target 
can  be  detected,  the  size  and  shape  of  the  object 
can  be  reconstructed  and,  hence,  the  object  des¬ 
cribed. 


Table  3  Example  of  the  Performance  Estimator  si- 
gnal-to-noise  performance  (ERS-1) . 

The  ambiguity  performance  in  range  is  calculated 
from  the  geometry,  timing  and  antenna  elevation 
pattern.  Range  ambiguities  occur  when  the  slant 
range  differs  by  half  the  pulse  repetition  inter¬ 
val  (PRI) .  The  ambiguity  ratio  is  computed  by  in¬ 
tegrating  the  energy  in  the  wanted  region  and  am¬ 
biguous  regions  and  dividing.  The  antenna  eleva¬ 
tion  pattern  can  be  entered  aa  a  look-up  table  or 
as  a  weighted  pattern  with  up  to  seven  weighting 
coefficients. 


In  the  approach  described  here,  two  parameters 
from  radar  detection  theory  are  used  as  a  measure 
of  the  ability  to  detect  a  scatterer.  The  false 
alarm  rate  (FAR)  is  the  probability  that  the  in¬ 
tensity  of  the  background  in  an  image  pixel  is 
such  that  it  is  falsly  interpreted  as  a  point  tar¬ 
get.  The  detection  probability  is  the  probability 
that  a  point  target  can  be  detected  above  the 
background. 

A  scatterer  is  considered  to  be  detected  in  an 
image  pixel  if  the  intensity  of  that  pixel  exceeds 
the  intensity  of  the  surrounding  pixels  by  an 
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amount  large  enough  to  meet  the  required  false 
alarm  rate  and  detection  probability. 

To  analyse  the  problem  quantitatively,  assumptions 
have  to  be  made  about  the  object  to  be  detected 
and  its  surroundings.  In  the  following,  three  sce¬ 
narios  for  the  analysis  have  been  chosen. 

1)  The  first  scenario  consists  of  a  single  stab¬ 
le  point  target  in  a  background  consisting  of 
a  distributed  target.  The  assumption  is  that, 
although  the  point  target,  by  definition,  is 
smaller  than  the  resolution  cell,  only  the 
point  target  contributes  to  the  energy  in  the 
corresponding  pixel.  This  would  apply  to  the 
case  where  the  point  target  is  surrounded  by 
a  surface  of  low  scattering  cross  section 
large  enough  to  fill  the  resolution  cell  and 
where  the  system  noise  is  negligible  compared 
with  the  background  o0.  This  scenario,  is  ty¬ 
pical  for  large  metallic  structures,  such  as 
aircraft,  where  the  scatterers  are  surrounded 
by  large  metallic  surfaces  reflecting  the  en¬ 
ergy  away  from  the  sensor. 

2)  The  second  scenario  considers  a  single  point 
target  in  a  distributed  target  background 
where  the  background,  the  system  noise  as 
well  as  the  point  target  contribute  to  the 
energy  in  the  point  target  pixel.  This  is  a 
more  general  case  than  the  first  scenario  and 
would  be  typical  of  buildings  and  small  iso¬ 
lated  objects. 

3)  In  both  the  above  cases  it  is  assumed  that 
the  target  cross  section  remains  constant.  In 
reality,  it  will  vary  according  to  the  aspect 
angle  (glint) .  For  such  a  variation,  a  Rice 
distribution  can  be  used.  The  third  scenario 
therefore  assumes  that  the  energy  in  the  tar¬ 
get  cell  is  a  combination  of  a  varying  target 
cross  section  as  well  as  background  energy 
and  system  noise. 

The  principle  of  the  model  is  that  a  threshold  is 
set  according  to  the  background  and  the  required 
false  alarm  rate.  Fig.  5  shows  the  position  of 
the  threshold  for  the  three  detection  scenarios 
with  the  probability  density  of  the  image  intensi¬ 
ties.  The  FAR  is  obtained  by  integrating  the  pro¬ 
bability  density  of  the  background  from  the  thres¬ 
hold  to  infinity.  The  detection  probability  is  the 
area  under  the  probability  density  curve  of  the 
target  from  the  threshold  to  infinity.  For  the 
first  scenario  it  is  always  one. 

With  this  model  the  Estimator  can  calculate  FAR 
and  detection  probability.  Typical  results  for  the 
ERS-1  satellite  are  shown  in  Table.  5.  Fig.  6 
shows  the  detection  probability  plotted  against 
swath  position  with  the  false  alarm  rate  as  a  pa¬ 
rameter. 
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Fig.  5  Representation  of  the  three  detection 
scenarios. 
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Table  5  Example  of  the  Performance  Estimator 
detection  performance. 
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The  model  elements  of  the  Estimator  are  summarised 

once  more  below: 

•  a  GEM6  Earth  model  which  includes  Earth  rota¬ 
tion, 

•  a  circular  orbit  (to  calculate  the  platform 
velocity) , 

•  uncertainties  in  the  height  of  the  platform, 
nadir  and  target, 

•  antenna  and  platform  pointing  errors, 

•  theoretical  and  measured  azimuth  and  elevati¬ 
on  antenna  patterns, 

•  a  variety  of  ground  clutter  models  which  re¬ 
present  the  expected  radar  backscatter  coef- 


Fig.  6  Detection  probability  for  the  ERS-1  satel¬ 
lite  as  a  function  of  FAR.  The  object  is 
a  large  vehicle. 

ficient  versus  incidence  angle, 

•  a  variety  of  target  models  (RCS  characteri¬ 
stics  embedded  in  noise  and  clutter)  for 
False  Alarm  Rate  (FAR)  detection  modelling, 

•  the  prediction  of  signal  attenuation  versus 
rain-rate, 

•  a  variety  of  ways  of  selecting  the  PRFs,  as 
well  as  user  selected, 

•  the  selection  of  an  optimal  set  of  PRFs  for 
PRF  hopping, 
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•  a  variety  of  receiver  gain  setting  algorithms 
which  use  either  centre  swath  signal/  mean 
swath  signal  and  mean  or  the  minimum/maximum 
backscatter  coefficient,  as  well  as  user  se¬ 
lected, 

•  a  choice  of  either  fine  or  coarse  range  res¬ 
olution, 

•  various  system  hardware  gains  and  losses, 

•  the  possibility  of  overlapping  azimuth  looks, 

•  characterisation  of  the  thermal  and  Analogue 
to  Digital  Converter  (ADC)  noise  sources, 

•  a  variety  of  amplitude  weighting  functions, 
as  well  as  user  selected, 

•  the  ability  to  degrade  the  range  ambiguity 
ratio  due  to  an  expected  range  of  radar  back¬ 
scatter  coefficients. 

The  software  characterising  these  functions  has 

the  following  features: 

partitions  which  can  be  displayed  on  the 
screen  with  descriptions, 

•  DEC  windows  designed  to  allow  the  user  to  go 
forwards  and  backwards  through  all  the  opti¬ 
ons  to  make  and  assess  system  changes  quick¬ 
ly, 

•  the  ability  to  generate  antenna  patterns  from 
a  Fortran  file, 

•  a  facility  to  examine  graphically  the  manner 
in  which,  for  example,  the  antenna  patterns 
and  the  ADC  noise  are  modelled, 

•  fast  evaluation  of  a  large  number  of  swath 
points  which  are  split  up  into  their  azimuth 
look  components, 

•  all  the  timing  information  that  can  be  paged 
for  all  the  PRF  and  includes  for  example  the 
predicted  interference  cases, 

•  tables  and  graphs  of  ambiguity,  signal  to 
noise  and  imaging  data  for  all  the  selected 
PRFs  that  are  easily  copied  to  a  specified 
printer, 

•  tables  and  graphs  of  required  target  size  for 
detection  or  detection  probability  versus 
false  alarm  rate  for  verification  modelling, 

•  graphs  of  the  components  of  the  video  signal 
to  noise  ratio  and  the  factors  that  degrade 
this, 

•  the  analysis  of  the  effect  of  changing  any 
system  parameter  and  plotting  the  change  pro¬ 
duced  in  any  of  the  performance  measures, 

•  run  information  and  a  series  of  warning  mes¬ 
sages  when  either  algorithms  are  not  functio¬ 
ning  or  when  the  user  has  made  a  mistake, 

•  graphics  software  that  allows  the  user  to  ea¬ 
sily  select  graphs,  automatically  scales  and 
grids  the  data,  plots  requirement  curves  and, 
if  applicable,  fully  labels  the  output  and 
provides  a  rescale  facility  for  comparisons 
with  other  graphs.  In  addition  radar  sensiti¬ 
vity  data  are  given  under  each  modelled  swath 
point, 

•  book-keeping  functions  for  the  performance 
plots  which  allow  the  user  to  keep  track  of 


the  system  analysis  performed  to  date, 

•  a  listing  of  all  system  files  available  and 
the  switching  to  other  radar  systems  using 
function  keys. 

The  Performance  Estimator  is  typical  of  an  algo¬ 
rithm  based  simulation  tool.  The  software  uses  DEC 
windows  and  allows  the  user  to  play  with  different 
parameter  settings  and  check  the  performance. 
Clearly,  the  algorithms  that  are  used  are  tried 
and  tested,  so  that  few  major  surprises  are  to  be 
expected  in  the  results.  Full-blown  simulators,  as 
described  below,  mimic  all  the  steps  in  the  SAR 
system  and  can,  hence,  be  used  for  scientific  in¬ 
vestigations. 

4.  SIMULATION 

A  simulator  attempts  to  model  as  many  parts  of  the 
SAR  system  without  recourse  to  analytic  functions. 
The  advantage  of  this  approach  is  that  genuine  da¬ 
ta  are  generated,  which  can  be  examined  at  each 
stage.  Fig.  7  shows  the  elements  of  a  SAR  system 
which  many  be  simulated  and  the  evaluations  which 
can  be  performed. 

Although  all  elements  contribute  to  the  imaging 
performance,  some  may  be  able  to  be  simplified  de¬ 
pending  on  the  application.  For  instance,  if  the 
application  is  concerned  with  the  investigation  of 
SAR  data  processors,  a  very  primitive  raw  data 
generator  with  simple  targets  and  ideal  sensor  may 
be  adequate  for  the  task.  For  this  reason  simula¬ 
tors  tend  to  grow,  starting  off  being  tailored  to 
a  particular  application  and  later  being  augmented 
to  become  a  more  comprehensive  tool. 

The  first  step  in  simulating  a  SAR  system  is  to 
model  the  target.  The  target  can  most  easily  be 
simulated,  if  it  is  described  by  a  two-dimensional 
matrix  of  scatterers  each  modelled  as  a  complex 
vector  voltage  reflection  coefficient.  Fig.  8 
shows  such  a  target  model  consisting  of  xy  cells. 
As  will  be  seen,  the  simulator  only  has  to  form 
the  sum  of  all  vectors  within  the  instantaneous 
field  of  view  IFOV  of  the  radar  to  generate  the 
time  domain  signal.  The  latter  process  is  referred 
to  as  raw-data  generation  and  the  final  result  is 
to  generate  the  signal  received  at  the  output  of 
the  antenna.  The  raw  data  generation  can  be  the 
most  complex  part  of  the  simulation  chain,  even 
exceeding  the  complexity  of  the  SAR  processor. 

Generating  such  a  two-dimensional  array  of  vectors 
assumes  that  the  scattering  process  lends  itself 
to  this  representation.  Distributed  targets  with 
differing  normalised  reflector  coefficients  oc 
can  be  synthesised  with  such  a  model,  as  can  iso¬ 
lated  point  targets.  Mixing  distributed  and  point 
targets  is  also  possible.  The  speckle  associated 
with  distributed  targets  can  be  generated  with  an 
appropriate  statistical  model.  Most  simulators 
working  in  this  way  include  utilities  to  help  the 
user  generate  target  patterns. 

The  following  description  of  the  DLR  simulator 
SARSIM  will  be  used  to  illustrate  such  a  simula¬ 
tor. 

4.1  The  System  Simulator,  SARSIM 

SARSIM  was  originally  developed  by  Ferranti  in  the 
UK  in  1977  taking  about  15  man-years  of  effort. 

The  original  software  was  extensively  modified  by 
Ferranti  in  1978/79,  by  Logica  (UK)  in  1981/82  and 
currently  by  the  DLR  since  1978.  Two  versions  of 
the  program  exist,  one  on  the  DLR  CRAY  and  more 
recently  on  a  VAX4000  workstation.  SARSIM  is  des¬ 
cribed  in  (4  and  5) . 
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Fig.  7  Simulated  elements  and  evaluation  tasks  of  a  comprehensive  SAR  simulator. 


Fig.  8  Representation  of  the  simulator  geometry 
with  the  target  represented  by  two-dimen¬ 
sional  array  of  complex  reflection  coeffi¬ 
cients. 

A  schematic  of  the  SARSIM  model  is  given  in  Fig.  9. 
SARSIM  is  an  "end-to-end"  simulator  producing  as  an 
output  the  SAR  image  of  the  input  target. 


Fig.  9  Schematic  of  the  SARSIM  structure. 

For  each  physical  element  of  the  system,  there  is 
a  corresponding  software  module.  These  software 
modules  simulate  the  physical  element  characteri¬ 
stics  with  the  important  exception  of  the  linear 
gain  of  the  element.  This  means  that  the  overall 
model  should  be  seen  as  a  relative,  rather  than 
absolute,  assessment  tool.  A  more  detailed  schema¬ 
tic  of  SARSIM  is  given  in  Fig.  10. 

Here  one  can  see  that  the  simulator  has  been  divi¬ 
ded  into  two  segments.  The  first  segment,  signal 
generation,  deals  with  simulation  of  the  SAR  video 
signal,  that  is  the  SAR  system  up  until  the  point 
where  the  analogue  signal  (in  baseband)  comes  out 
of  the  receiver  system  mounted  on  the  platform. 

The  second  segment,  data  handling  and  SAR  proces¬ 
sing,  then  simulates  the  remaining  on-board  elec¬ 
tronics,  data-link,  and  SAR  processing  to  produce 
the  SAR  target  image.  Auxiliary  programs  can  then 
be  used  to  create  a  hard  copy  of  this  image,  apply 
post  processing  algorithms  or  to  make  image  quali¬ 
ty  measurements. 


SARSIM  has  in-built  options  to  generate  several 
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Fig.  10  SARSIM  configuration. 

standard  types  of  targets.  Slope  effects,  such  as 
layover  and  shadowing,  are  not  simulated.  The  ba¬ 
sic  principle  of  simulation  is  a  "pulse  by  pulse" 
simulation,  that  is  the  relative  positions  of 
platform  and  target,  together  with  platform  atti¬ 
tude  are  calculated  for  each  radar  pulse  and  then 
this  is  used  to  calculate  the  returned  signal  for 
each  transmitted  pulse.  The  returned  signal  is  re¬ 
presented  by  a  sequence  of  floating-point  (com¬ 
plex)  numbers  obtained  by  convolving  the  transmit¬ 
ted  pulse  form  with  the  target,  weighted  by  the 
antenna  pattern  and  taking  into  account  any  spe¬ 
cial  receiver  chain  features. 

The  sample  spacing  of  the  returned  signal  is  cho¬ 
sen  to  match  with  the  Analogue  to  Digital  Conver¬ 
ter  (ADC)  sampling  frequency.  As  the  simulation  is 
performed  directly  in  baseband,  RF  system  element 
effects  must  be  carefully  accounted  for.  After  the 
ADC,  the  signal  may  be  prefiltered  or  resampled  if 
such  an  option  is  present  in  the  real  radar  sy¬ 
stem. 

In  Fig.  10,  alternative  options  of  on-board  analo¬ 
gue  range  processing  or  on-ground  digital  range 
processing  are  shown,  these  simply  reflect  alter¬ 
native  positions  of  performing  the  range  proces¬ 
sing  in  the  SAR  system.  The  range  processing  (and 
azimuth  processing)  can  be  performed  in  the  fre¬ 
quency  or  time  domain.  After  the  range  processing 
the  data  is  reordered  (corner  turn  followed  by 
range  migration  correction)  before  the  azimuth 
processing.  Illustrated  in  Fig.  10  is  multi-look 


processing,  where  the  Doppler  history  of  the  tar¬ 
get  is  split  into  N  segments,  each  segment  is  se¬ 
parately  processed  and  then  added  incoherently  af¬ 
ter  detection.  This  technique  improves  the  radio- 
metric  resolution  at  the  expense  of  spatial  res¬ 
olution.  Finally  the  data  can  be  corrected 
(calibrated)  if  desired. 

As  an  alternative  to  the  built-in  processor,  SAR¬ 
SIM  data  can  also  be  processed  with  the  DLR  mo¬ 
tion  compensation  processor. 

4.1.1  The  Target 

The  target  is  represented  by  a  matrix  of  complex 
voltage  reflection  coefficients  assumed  to  lie  di¬ 
rectly  on  the  earth's  surface.  Distortions  and  ef¬ 
fects  due  to  local  height  variations  cannot  be  si¬ 
mulated.  Similarly,  variations  of  radar  reflecti¬ 
vity  with  incidence  angle  and  time  cannot  be  simu¬ 
lated.  The  complex  voltage  reflection  coefficient 
Vr  +  iVi  is  related  to  the  radar  cross-section  o 
of  the  corresponding  ground  element  by  the  follo¬ 
wing  equation, 

V|  +  Vf  =  ko 

where  k  is  a  constant.  The  target  size  is  restric¬ 
ted  to  192,000  elements. 

The  target  generation  segment  of  SARSIM  consists 
of  a  two  stage  algorithm.  In  the  first  stage,  a 
matrix  of  cells  is  generated  according  to  some 
pattern  corresponding  to  the  ideal  radar  cross- 
section  of  the  target.  In  the  second  stage,  each 
cell  is  divided  into  a  number  (at  least  one)  of 
subcells  and  the  value  of  the  reflection  coeffi¬ 
cient  for  each  sub-cell  is  derived  from  the  value 
for  the  whole  cell.  This  second  stage  permits  the 
introduction  of  speckle  into  the  model,  by  assu¬ 
ming  that  the  amplitude  of  each  sub-cell  value  is 
drawn  from  a  Rayleigh  distribution.  The  mean  of 
the  Rayleigh  distribution  is  specified  by  the  cell 
value  generated  in  the  first  stage  algorithm.  The 
phase  of  each  sub-cell  value  can  either  be  fixed 
or  drawn  from  a  uniform  distribution  (-x,  x)  Each 
sub-cell  value  can  be  thought  of  as  representing 
the  reflectivity  from  a  point  target  located  at 
the  centre  of  the  cell.  Therefore,  the  target, 
even  though  representing  an  extended  target,  con¬ 
sists  of  a  matrix  of  point  targets.  This  is  a 
standard  method  for  modelling  extended  targets 
[6].  Superimposed  on  this,  the  user  can  specify  up 
to  16  deterministic  point  scatterers. 

Fig.  11  illustrates  a  possible  target  example.  He¬ 
re,  each  cell  has  been  split  into  four  sub-cells. 
The  amplitude,  Ai  of  each  sub-cell  can  be  determi¬ 
ned  in  one  of  three  ways: 


Stochastic  (low  roflocttvity)  background  with  Datarminiatic 
(high  raflactlwlty)  auparfcnpoaad  point  scattarara 


Fig.  11  Target  examples. 

1)  Ai  is  fixed  and  proportional  to  (o. 

2)  One  value  per  cell  is  drawn  from  a  Rayleigh 


distribution  (mean  =  Jo)  and  all  Ai  within 
the  cell  take  this  value. 

3)  An  Ai  value  for  each  sub-cell  in  turn  drawn 
from  a  Rayleigh  distribution.  The  same  di¬ 
stribution  is  used  for  all  sub-cells  within 
the  cell. 

Similarly  the  phase,  i  of  each  sub-cell  can  be  de¬ 
termined  in  one  of  three  ways: 

1)  takes  a  constant  value  for  every  sub-cell 
in  the  matrix. 

2)  One  value  per  cell  is  drawn  from  a  uniform 
distribution  and  all  within  the  cell  take 
this  value. 

3)  A  4-i  value  for  each  sub-cell  in  turn  is  drawn 
from  a  uniform  distribution. 

In  the  case  where  the  sub-cell  and  cell  are  iden¬ 
tical,  then  options  2  and  3  in  both  of  the  above 
are  similarly  identical.  A  cut-off  point  can  also 
be  specified  where  option  1  is  used  for  all  azi¬ 
muth  bins  greater  tnan  the  cut-off  point,  and  op¬ 
tions  2/3  are  used  for  the  remaining  azimuth  bins. 
This  is  referred  to  as  a  semi -diffuse  target. 

The  following  options  are  provided  for  generation 
of  the  (first  stage)  matrix  of  cells: 

A)  User  specified  pattern:  a  two  dimensional  ar¬ 
ray  of  amplitude  data  is  read  in  from  a  file 
provided  by  the  user. 

B)  Cyclic  pattern:  a  set  of  cycles  is  generated 
in  either  the  azimuth  or  range  direction. 

Each  cycles  consists  of  an  alternating  se¬ 
quence  of  high  reflectivity  and  low  reflecti¬ 
vity  amplitudes.  The  length  of  the  sequences 
within  each  cycles  is  fixed,  but  increases  by 
one  cell  between  successive  cycle-series.  An 
example  is  given  in  Fig.  12. 
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Fig.  12  Cyclic  target  pattern. 


C)  Linear  pattern:  a  set  of  point  targets  of  li¬ 
nearly  increasing  amplitudes  in  one  (or  more) 
range  bin  or  azimuth  bin. 

D)  Two  point  targets:  two  point  targets  of  spe¬ 
cified  amplitudes  are  placed  in  either  one 
range  bin  or  one  azimuth  bin. 

E)  Single  point  target:  a  point  target  of  speci¬ 
fied  amplitude  at  a  specified  position. 

F)  Checkerboard  pattern:  a  pattern  of  alterna¬ 
ting  squares/  rectangles  of  high  amplitude 
and  low  amplitude. 

G)  Square  well  pattern:  a  uniform  target  with  a 
square  of  zero  re^lectiv'ty  inset. 


In  options  B  -  E,  values  not  explicitly  specified 
in  the  pattern  are  set  to  a  background  value. 

4.1.2  Geometry 

Two  models  exist  for  specifying  the  geometry  of 
the  SAR  system.  The  first  model  uses  a  flat  earth 
model  together  with  a  platform  model  assuming  eit¬ 
her  constant  linear  velocity  or  stepwise  constant 
acceleration  components.  This  is  suitable  for  si¬ 
mulating  an  airborne  SAR.  The  second  model  uses  an 
ellipsoidal  earth  model,  together  with  an  ellip¬ 
soidal  orbit  model.  The  second  model  is  suitable 
for  spacebome  SAR  simulations.  In  both  models  the 
platform  coordinate  origin  (x,  y)  is  defined  as 
the  platform  position  when  the  beam  centre  and 
target  centre  are  in  alignment.  The  platform  posi¬ 
tion  is  expressed  in  Cartesian  coordinates.  In  the 
case  of  the  ellipsoidal  earth  model,  a  local  sphe¬ 
rical  approximation  is  made  to  the  earth's  surfa¬ 
ce,  and  the  target  is  assumed  to  lie  on  this  sphe¬ 
roid.  This  assumption  is  valid  so  long  as  only  a 
few  seconds  of  flight  time  are  simulated.  Earth 
rotation  is  taken  into  account  by  combining  the 
earth' s  surface  velocity  with  the  platform  veloci¬ 
ty  to  produce  a  relative  velocity  vector,  and  mo¬ 
difying  the  platform  yaw  angle. 

4.1.3  Platform  Position  and  Attitude 

The  platform  position  and  attitude  are  calculated 
for  every  pulse  in  the  time  interval  t-T/2,  T/2], 
that  is  the  simulation  is  constructed  time  symme¬ 
trically  about  time  zero,  time  zero  being  the  time 
when  beam  and  target  are  in  alignment.  In  the  case 
of  the  elliptical  orbit  simulation,  the  orbit  and 
geometry  parameters  are  sufficient  to  determine 
the  theoretical  position  of  the  platform  for  every 
pulse.  However,  an  additional  perturbation  may  be 
introduced  in  the  form  of  a  constant  linear  acce¬ 
leration  term.  The  flat  earth  simulation,  requires 
instead  input  data  relating  to  the  linear  velocity 
components  at  time  zero  and  linear  acceleration 
components  before  the  platform  position  per  pulse 
can  be  calculated. 

The  platform  attitude  per  pulse  is  expressed  in 
yaw,  pitch  and  roll  angles.  These  can  either  be 
considered  as  constant  or  a.  conforming  to  some 
specified  angular  motion. 

4.1.4  Transmitter 

In  SARSIM,  the  transmitter  is  ideally  modelled, 
with  the  only  feature  characterized  being  the 
ideal  form  of  the  transmitted  pulse.  It  is  not 
possible  to  simulate  any  form  of  noise  or  distor¬ 
tion  in  the  transmitter  system.  Mismatch  between 
the  up-  and  down-converters  is  assumed  to  result 
in  a  residual  carrier  frequency  and  this  is  mo¬ 
delled  in  the  receiver  simulation. 

The  following  forms  of  transmitted  pulse  can  be 
simulated: 

1)  A  pulse  with  constant  frequency. 

2)  A  linear  F"  pulse;  the  frequency  of  the 
transmittfcj  pulse  increases/decreases  linear¬ 
ly  during  the  pulse  transmission. 

3)  A  quadratic  FM  pulse;  the  frequency  variation 
of  the  pulse  during  transmission  is  a  quadra¬ 
tic  function  of  time. 

4)  a  binary  phase  encoded  pulse;  the  frequency 
of  the  pulse  is  constant,  but  the  phase  can 
take  two  values;  0  and  *. 

The  phase  structure  of  the  pulse  is  specified  by  a 
binary  string. 
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In  ail  four  forms  of  the  transmitted  pulse,  the 
amplitude  of  the  pulse  is  constant . 

4.1.5  Antenna 

The  antenna  is  defined  by  a  two-way  antenna  gain 
pattern,  specified  in  azimuth  and  elevation. 

The  antenna  gain  function  is  assumed  separable, 
that  is  the  antenna  gain  in  any  given  direction  is 
obtained  by  multiplying  the  appropriate  azimuth 
and  elevation  gains  together.  No  provision  is  made 
for  gain  variations  during  the  simulation  period. 
The  following  gain  patterns  can  be  used  in  the  si¬ 
mulation: 


1) 

2) 


3) 


Uniform  pattern  G  =  1. 


Modified  cosine  pattern. 


G  = 


cos (X) 


(f)‘ 


xd 

X 


where:  D  is  the  effective  antenna  aperture 

(in  azimuth  or  elevation), 

\  is  the  radar  wavelength, 
e  is  the  azimuth/elevation  offset 
angle . 


Sine  pattern. 

G  =  ,  where  x  is  defined  above, 

(x) 


4)  User  specified  pattern.  The  user  must  specify 
a  table  of  gain  against  azimuth/elevation 
offset  angle. 


Fig.  13  Target  element  contributions  to  the  mth 
range  bin  return  using  signal  generation 
primary  option  (time  domain) . 

range  bins.  It  should  be  noted  here  that  the  tar¬ 
get  cell  range  dimensions  should  be  chosen  equal 
to,  or  smaller  than,  the  range  bin  width.  This  is 
to  minimise  problems  occuring  when  few  target 
cells  happen  to  fall  in  a  given  range  bin,  a  re¬ 
sult  of  the  fact  that  the  target  is  in  fact  model¬ 
led  by  a  number  of  discrete  point  scatterers, 
rather  than  by  a  true  extended  target. 

The  primary  method  of  signal  generation  inherently 
includes  all  range  migration  effects  due  to  earth 
rotation,  earth  curvature  and  radar  wave  front 
curvature.  The  simulation  of  the  range  modulation 
can  either  be  performed  in  the  time  domain  (by 
convolving  the  returned  signal  directly  with  the 
transmitted  waveform),  or  in  the  frequency  domain 
(by  multiplying  the  appropriate  Fourier  transforms 
together  and  then  talcing  the  inverse  transform)  . 


The  beamwidths  of  the  antenna  pattern  (in  azimuth 
and  elevation)  must  be  specified  by  the  user.  The¬ 
se  values  define  the  extent  of  the  generated  an¬ 
tenna  pattern, 

4.1.6  Propagation 

The  radar  equation  is  not  included  in  the  SARSIM 
model.  Most  of  the  terms  in  the  radar  equation  are 
constants  (for  most  system  simulator  applica¬ 
tions),  apart  from  the  range  gain  dependence  ( r4 ) . 
For  satellite  simulations  the  lack  of  range  depen¬ 
dent  attenuation  is  thought  to  be  of  negligible 
significance  (though  of  more  significance  for  air¬ 
borne  applications)  . 

Atmospheric  distortions  are  only  included  in  as 
much  as  the  optional  addition  of  a  phase  noise 
term.  The  noise  follows  either  a  uniform,  Ray¬ 
leigh,  exponential,  or  normal  distribution;  in  the 
case  of  the  normal  distribution  an  auto-correla¬ 
tion  function  can  also  be  specified.  The  auto¬ 
correlation  function  can  either  be  linear,  quadra¬ 
tic,  exponential,  Gaussian,  or  user  supplied. 

4.1.7  Signal  Generation 

The  primary  option  for  received  signal  generation 
generates  the  returned  signal  for  each  pulse  in 
turn  in  the  time  domain.  The  distance  to  each  tar¬ 
get  element  is  calculated  and  then  the  returns 
(after  weighting  by  the  appropriate  antenna  gain) 
from  all  target  elements  within  a  range  gate  are 
summed,  taking  into  account  the  appropriate  pha¬ 
ses,  to  give  the  final  return  range  gate  value. 
This  operation  is  performed  for  all  range  gates 
within  the  sampled  return  pulse  and  for  all  pul¬ 
ses  simulated  and  is,  hence,  not  an  insignifi¬ 
cant  task.  Fig.  13  illustrates  the  target  returns 
which  contribute  to  the  return  range  gate  value. 

The  exact  form  of  the  curved  radar  range  bin  de¬ 
pends  on  the  orbit  and  earth  geometry  simulated. 
The  width  of  the  bin  is  determined  by  the  sampling 
frequency  of  the  ADC,  which,  together  with  the  re¬ 
ceiver  gate  times,  also  determines  the  number  of 


Two  secondary  options  for  received  signal  genera¬ 
tion  exist,  both  of  which  attempt  to  reduce  the 
amount  of  computer  time  required.  The  first  of 
these  options  generates  the  expected  return  (phase 
history)  from  a  point  target  located  at  the  centre 
of  the  target  matrix  assuming  an  ellipsoidal,  lo¬ 
cally  spherical,  earth's  surface  and  an  unpertur¬ 
bed  elliptical  orbit.  Appropriate  account  is  taken 
of  the  azimuth  antenna  pattern.  The  azimuth  modu¬ 
lation  is  performed  in  the  frequency  domain  and  so 
the  Fourier  transform  of  this  phase  history  is 
used  to  calculate  the  return  range  gate  values. 

The  same  phase  history  is  used  for  all  range  gate 
values.  Range  migration  effects  are  not  accounted 
for  in  this  model.  Note  that  the  target  element 
spacing  is  assumed  to  be  defined  by  the  range  bin 
width  in  range  and  the  pulse  repetition  interval 
in  azimuth. 

The  second  option  extends  the  above  idea  to  partly 
include  range  migration  effects  by  taking  into  ac¬ 
count  that  the  return  from  a  point  target  appears 
in  several  range  gates,  or  alternatively  expres¬ 
sed,  that  neighbouring  target  gates  contribute  to 
the  return  from  one  range  gate  (Fig.  14) .  The 
transition  points  between  neighbouring  range/tar¬ 
get  gates  are  calculated  at  the  centre  of  the  tar¬ 
get  (mid-swath)  and  assumed  to  apply  to  all  ran¬ 
ge/target  gates.  The  phase  history  segments  are 
convolved  with  the  target  in  the  time  domain.  In 
both  of  the  secondary  options  the  range  modulation 
can  either  be  performed  in  the  frequency  or  time 
domain,  as  in  the  primary  option  signal  genera¬ 
tion. 

4.1.8  Receiver 

The  receiver  system  typically  consists  of  a  low 
noise  amplifier  a  down-converter,  an  IF  amplifier, 
and  an  IQ  detector.  The  low  noise  amplifier  is  as¬ 
sumed  to  be  perfect  apart  from  the  addition  of 
thermal  noise.  The  down-converter  is  similarly  as¬ 
sumed  perfect  apart  from  the  possibility  of  a  re¬ 
sidual  carfier  frequency  resulting  from  a  mismatch 
bel„een  the  up-  and  down-converters.  This  residual 
frequency  produces  an  additional  term  in  the  un- 
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Fig.  14  Target  element  contribution  to  the  mth 

range  bin  return  using  signal  generation 
secondary  option  partially  accounting  for 
range  migration. 

compressed  radar  pulse.  The  IF  amplifier  is  cha¬ 
racterised  by  a  filter  response  and  its  non-linea¬ 
rities  . 

The  filter  characteristics  can  either  be  specified 
by  the  user  in  the  form  of  a  gain  against  input 
signal  amplitude  table  or  by  an  analytical  expres¬ 
sion. 

After  the  IF  amplifier  comes  the  IQ  detector.  This 
is  modelled  with  the  following  error  sources: 

•  phase  and  amplitude  errors, 

•  orthogonality  error, 

•  DC  offset, 

•  gain  imbalance. 

Receiver  system  phase  noise  can  be  introduced  im¬ 
mediately  prior  to  the  IF  amplifier.  The  receiver 
noise  form  (both  phase  noise  and  thermal  noise 
from  the  low  noise  amplifier)  follows  either  a 
uniform,  Rayleigh,  exponential,  or  normal  distri¬ 
bution;  in  the  case  of  the  normal  distribution  an 
auto-correlation  function  can  be  specified.  The 
auto-correlation  function  can  either  be  linear, 
quadratic,  exponential,  Gaussian,  or  user  sup¬ 
plied. 

4.1.9  Analogue  to  Digital  Conversion 

The  Analogue  to  Digital  Converter  (ADC)  can  be 
thought  of  as  consisting  of  sampling  and  quanti¬ 
sing  operations.  The  sampling  operation  is  inhe¬ 
rent  in  the  SARSIM  model,  as  the  analogue  signal 
is  represented  by  a  set  of  discrete  samples, 
each  sample  consisting  of  a  (complex)  pair  of 
floating  point  numbers.  The  quantisation  process 
then  converts  these  floating-point  numbers  to  a 
finite  set  of  quantisation  levels  consisting  of 
both  positive  and  negative  values.  Values  excee¬ 
ding  the  largest  qunatisation  level  (ignoring 
sign)  are  set  to  this  level.  The  number  of  over¬ 
flows  is  counted.  Quantisation  of  both  the  radar 
signal  and  transmitted  chirp  replica  can  be  simu¬ 
lated.  The  quantiser  itself  can  be  specified  in 
two  forms: 

1.  The  user  specifies  up  to  14  threshold  values 
and  corresponding  output  levels. 

2.  The  user  specifies  the  number  of  bits  n,  the¬ 
reby  defining  the  number  of  quantisation  le- 
ve  (2n) .  The  optimum  equally  spaced  symme- 
t.ic  quantiser  is  used  as  shown  in  Fig.  15. 

The  quantisation  process  consists  of  the  follow  ng 
steps : 

1)  Scale  fhe  data  and  add  a  DC  offset,  if  requi¬ 
red.  The  scaling  can  either  be  user-specified 
or  automatic.  For  automatic  scaling,  the  ma¬ 
ximum,  mean  or  mean  squared,  of  the  samples 
in  the  first  pulse,  Is  adjusted  (scaled)  to 
be  a  user-specified  fracticn  of  the  maximum 


2)  Quantise  the  data. 

3)  Rescale  the  data  to  compensate  for  scaling 
introduced  in  1),  if  required. 

4.1.10  Prefilter/Presummer 

The  purpose  of  the  digital  prefilter  is  to  reduce 
the  quantity  of  data  to  be  transmitted  or  stored. 
The  filter  can  operate  either  in  the  range  or  azi¬ 
muth  directions,  or  on  the  transmitted  chirp  re¬ 
plica. 

The  filter  can  either  operate  on  both  channels 
(full  quadrature)  or  just  on  one  (real)  channel 
(non-quadrature)  by  setting  the  remaining  (imagi¬ 
nary)  channel  to  zero.  The  prefilter  is  assumed 
perfect  apart  from  errors  introduced  by  the  finite 
word  length  within  the  digital  filter.  Word-length 
effects  (both  before  and  during  the  filter)  may  be 
simulated  by  specifying  the  number  of  bits  avai¬ 
lable  in  the  digital  filter  registers. 

4.1.11  Datalink 

The  datalink  between  the  on-board  system  and 
ground  based  processor  can  either  take  the  form  of 
a  telemetry  link  (satellite  SAR)  or  a  High  Density 
Digital  Tape  (aircraft  SAR) .  The  model  restricts 
the  datalink  simulation  to  allowing  the  user  to 
specify  a  link  transmission  word  length  and  then 
simulating  bit  errors  over  the  link.  The  bit  er¬ 
rors  can  either  be  stochastic,  where  the  spacing 
between  bit  errors  is  a  random  variable  drawn  from 
an  exponential  distribution,  or  deterministic, 
where  a  user-specified  cyclic  table  (of  up  to  50 
values)  is  used  to  determine  the  distance  between 
one  bit  error  and  the  next.  The  setting  of  the  bit 
in  error  is  switched.  The  datalink  is  simulated  by 
the  following  algorithm: 

1.  Scale  and  quantise  the  data  to  the  relevant 
link  transmission  word  length,  if  necessary. 
The  scaling  factor  must  be  defined  by  the 
user. 

2.  Insert  bit  errors. 

3.  Rescale  the  data  to  compensate  for  scaling 
introduced  ir.  (1),  if  required. 

4.1.12  Processing 

For  a  frequency  modulated  or  "chirped"  pulse,  the 
first  step  in  the  SAR  processing  is  to  remove  the 
frequency  modulation.  This  is  known  as  range  pro¬ 
cessing  and  can  either  be  performed  on-board  in 
the  analogue  system  using  a  direct  replica  of  the 
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transmitted  pulse,  or,  on-ground  using  either  a 
replica  or  theoretical  values  for  the  reference 
function  generaion.  As  far  as  the  simulation  model 
is  concerned,  the  difference  in  these  two  approa¬ 
ches  to  range  processing  is  apparent  only  in  the 
fact  that  the  range  processing  simulation  has  two 
possible  positions  in  the  radar  data  chain  (Fig. 
10) .  Range  processing  can  either  be  performed  im¬ 
mediately  prior  to  the  ADC  (on-board  analogue  ran¬ 
ge  compression) ,  or  immediately  after  the  datalink 
(on-ground  digital  range  compression) .  It  would 
also  be  possible  to  simulate  on-board  digital  ran¬ 
ge  compression  if  required. 

The  first  step  in  the  range  processing  is  to  ge¬ 
nerate  a  range  reference  function  or  copy  of  the 
transmitted  pulse  form.  There  are  three  ways  of 
doing  this: 

1.  Ideal  replica.  A  copy  of  the  transmitted  pul¬ 
se  form  used  in  the  transmitter  segment  is 
generated. 

2.  Standard  reference  function.  The  possible 
forms  of  the  reference  function  correspond  to 
those  possible  for  the  transmitted  pulse, 

i.e.  linear  FM,  quadratic  FM  and  binary  phase 
encoded.  The  user  must  specify  the  appropria¬ 
te  reference  function  parameters. 

3.  User-specified  reference  function. 

Once  the  range  reference  function  has  been  genera¬ 
ted  it  is  conjugated,  and  then  used  in  the  com¬ 
pression.  It  is  also  possible  to  specify  a  refe¬ 
rence  function  weighting.  Compression  can  either 
be  performed  in  the  frequency  or  time  domain.  For 
frequency  domain  compression,  the  reference  func¬ 
tion  and  signal  must  first  both  be  transformed  to 
the  frequency  domain,  multiplied  together,  and 
then  inverse  transformed  back  to  the  time  domain. 

For  time  domain  compression,  it  is  necessary  to 
directly  correlate  the  reference  function  with  the 
signal.  Two  methods  of  time  domain  correlation  are 
possible  in  the  simulation  model:  the  overlap  add 
technique  and  overlap  save  technique.  These  tech¬ 
niques  are  specially  designed  for  the  case  where 
one  function  (reference  function)  is  considerably 
shorter  than  the  other  (range  line),  and  are  fully 
described  in  [7] . 

After  range  processing,  the  radar  data  on  disk 
must  normally  be  re-ordered  before  the  range  mi¬ 
gration  correction  and  azimuth  processing  can  be 
performed.  Up  until  this  point  the  radar  data  file 
has  consisted  of  successive  range  lines  or  azimuth 
bins.  The  azimuth  processing  requires  the  data  are 
ordered  so  that  the  data  file  consists  of  succes¬ 
sive  azimuth  lines  or  range  bins.  This  process  is 
called  corner  turning. 

Range  migration  is  caused  by  the  fact  that  the  di¬ 
stance  (hence  time  delay)  to  a  target  cell  changes 
as  the  target  cell  moves  through  the  beam.  This  is 
due  to  earth  rotation,  curvature  of  the  earth,  and 
the  ellipticity  of  the  orbit.  The  end  result  is 
that  the  response  from  one  target  cell  is  not  in 
one  range  bin,  but  split  into  bands  over  several 
range  bins.  Therefore,  before  the  radar  can  be 
processed  in  the  azimuth  direction,  it  is  necessa¬ 
ry  to  re-order  the  data  so  that  the  response  from 
one  target  cell  is  observed  only  in  one  range  bin 
(Fig.  16) .  This  must  be  repeated  for  each  pulse 
and  across  th  swath,  and  can  involve  some  form  of 
Interpolation.  Range  migration  itself  can  be  split 
into  two  components:  a  linear  component  (range 
walk)  representing  the  difference  in  range  to  a 
target  cell  between  when  it  enters  the  beam  and 
when  it  leaves  the  beam,  and  a  higher-oder  terms 
component  (range  curvature).  The  simulation  model 
has  an  algorithm  to  correct  for  only  the  linear 
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Fig.  16  Range  Migration  Correction. 

migration  effects  in  the  time  domain. 

For  each  range  bin  in  turn,  the  range  walk  for  a 
target  cell  is  calculated  and  applied.  The  range 
walk  is  calculated  by  considering  the  range  histo¬ 
ry  used  in  the  azimuth  reference  function  genera¬ 
tion,  and  so  the  range  walk  function  is  updated 
whenever  the  azimuth  reference  is  updated. 

The  feature  that  distinguishes  SAR  from  other  ima¬ 
ging  radar  systems  is  its  ability  to  achieve  high 
azimuth  resolution  through  coherent  integration  of 
the  returned  radar  signal.  As  a  target  cell  passes 
through  the  beam  the  phase  of  the  returned  signal 
changes,  and  this  can  be  picked  out  by  convolving 
the  (azimuth)  returned  signal  with  the  appropriate 
reference  function.  The  convolution  can  be  perfor¬ 
med  in  one,  or  split  into  segments  (subapertures 
or  looks),  each  segment  being  convolved  separate¬ 
ly.  The  resulting  looks  are  detected  (amplitude 
taken)  and  summed  to  give,  what  is  commonly  cal¬ 
led,  a  multi-look  image.  The  simulator  can  perform 
all  these  operations,  starting  with  the  azimuth 
reference  function  generation. 

The  following  reference  functions  can  be  genera¬ 
ted,  either  as  one  reference  function  (single  look 
processing)  or  as  several  subaperture  reference 
functions  (multi-look  processing) : 

1.  Curved  Barth  Time  Invariant:  the  same  phase 
history  is  assumed  to  apply  to  all  target 
cells  in  a  given  range  bin.  The  user  must 
specify  the  bin  number  before  the  reference 
function  can  be  calculated. 

2.  Flat  Earth  Time  Varying:  the  phase  history 
for  an  individual  target  cell  is  calculated. 
The  user  must  specify  the  coordinates  of  the 
target  cell.  This  option  allows  several  dif¬ 
ferent  azimuth  reference  functions  to  be  con¬ 
volved  with  each  range  bin,  by  generating  re¬ 
ference  functions  for  target  cells  with  dif¬ 
ferent  azimuth  coordinates  within  the  bin. 

3.  Curved  Earth  Time  Varying:  as  for  option  2, 
but  for  curved  earth  geometry. 

In  all  three  of  the  above  options  the  azimuth  re¬ 
ference  functions  are  generated  for  a  particular 
range  bin.  The  reference  functions  generated 
though,  may  be  applied  to  all  range  bins,  or  al¬ 
ternatively  updated  (new  reference  function 
generated)  every  n  range  bins,  as  required,  where 
n  is  specified  by  the  user. 

The  platform  geometry  used  in  the  azimuth  referen¬ 
ce  function  generation  is,  in  the  basic  case,  the 
same  as  that  used  in  the  returned  radar  signal 
generation,  i.e.  it  is  assumed  that  the  platform 
position  and  attitude  are  exactly  known.  Errors 
can  be  simulated  by  generating  a  new  platform  data 
file,  specifying  different  geometry  and/or  error 
values,  this  is  then  used  for  the  reference  func¬ 
tion  generation,  or,  more  simply,  by  specifying 
geometrical  or  Doppler  errors.  In  the  case  of  ge¬ 
ometric  errors,  the  user  specifies  slant  range  and 
yaw  angle  errors,  which  are  directly  used  in  the 
reference  function  generation.  For  Doppler  errors, 
it  is  necessary  to  convert  the  Doppler  errors  to 
equivalent  range  and  yaw  errors.  Doppler  errors 
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are  specified  in  terms  of  a  Doppler  slope  error 
(slant  range  error)  and  a  mean  Doppler  error  (yaw 
angle  error) .  The  azimuth  reference  function  can 
be  weighted. 

Once  the  appropriate  azimuth  reference  functions 
have  been  generated,  it  is  necessary  to  convolve 
them  with  the  range  migration  corrected  signal  da¬ 
ta.  It  is  possible  to  perform  the  azimuth  proces¬ 
sing  in  either  the  frequency  or  time  domain,  using 
exactly  the  same  techniques  and  algorithms  as  in 
the  range  processing.  After  azimuth  processing, 
the  signal  data  are  detected,  that  is  the  moduli 
(or  moduli  squared)  of  the  complex  values  are  ta¬ 
ken,  and,  in  the  case  of  multi-look  processing, 
the  individual  looks  are  summed.  Word  length  ef¬ 
fects  in  the  summation  can  be  simulated,  and  the 
summation  can  be  weighted  (for  example  to  accommo¬ 
date  antenna  gain  pattern  effects)  . 


Fig.  19  Signal  after  azimuth  compression. 


4.1.13  SARSIM  Application  Example 

In  this  section  an  .-xample  of  a  satellite  SAR  si¬ 
mulation  is  given.  The  configuration  of  the  system 
is  based  on  that  for  the  ESA  Remote-Sensing  satel¬ 
lite  (ERS-1) .  Errors  and  noise  sources  within  the 
system  are  not  simulated  in  this  example. 

Fig.  17  shows  the  radar  target  used  in  the  example 
simulation:  a  single  point  target  on  a  non-reflec¬ 
ting  background.  Fig.  18  is  a  plot  of  the  range 
compressed  SAR  data.  Fig.  19  shows  the  final  image 
plot  of  the  single  point  target. 


series  of  small  plates  or  facets  enabling  the  tar¬ 
get  to  be  entered  as  a  complex  shape.  The  model  is 
capable  of  handling  hidden  surfaces  (radar  sha¬ 
dows)  and  can  generate  polarimetric  signatures,  a 
feature  of  increasing  interest  for  the  next  gene¬ 
ration  of  SAR  sensors. 

5.  CONCLUSION 

Parametric  analysis  and  simulation  software  packa¬ 
ges  for  investigating  SAR  systems  have  been  des¬ 
cribed  and  their  merits  discussed.  The  usefulness 
of  simulators  is  often  called  into  question  as  the 
cost  and  manpower  invested  can  be  large.  It  is, 
therefore,  worth  considering  two  applications  of 
the  SARSIM  simulator. 

In  1984,  the  ERS-1  project  was  faced  with  the  pro¬ 
blem  that  the  coverage  of  the  synthetic  aperture 
radar  mode  of  the  Active  Microwave  Instrument 
known  as  the  'wave'  mode  was  found  to  be  marginal 
for  the  application  it  was  designed  for.  The  wave 
mode  images  small  areas  of  the  ocean  surface,  the 
data  being  stored  on-board  the  satellite  to  achie¬ 
ve  global  coverage.  From  the  images,  the  ocean  wa¬ 
ve  spectrum  was  to  be  derived  by  generating  the 
two-dimensional  Fourier  power  spectrum.  The  limit¬ 
ed  storage  capacity  of  the  recorder  meant  that  the 
imaged  area  was  limited  to  approx  2x5  km.  This 
area  was  found  to  be  too  small  to  detect  long  wa¬ 
ves. 


Fig.  17  Simulated  point  target 


The  only  practical  solution  was  to  reduce  the 
amount  of  recorded  data  by  halving  the  number  of 
bits  used  for  quantising  each  SAR  data  sample  from 
4  bits  1/4  bits  Q  to  2  bits  1/2  bits  Q.  Analysis 
showed  that  quantisation  noise  would  be  acceptab¬ 
le,  but  would  sufficient  information  ta  retained 
to  derive  the  wave  spectrum? 

The  problem  was  analysed  using  SARSIM  [9].  An 
ocean  scene  was  simulated  (Fig.  20)  and  the  image 
(Fig.  21)  used  to  generate  the  power  spectrum 
(Fig.  22) .  Analysis  of  the  latter  showed  the  wave 
spectrum  was  still  reproducible.  The  new  quantisa¬ 
tion  scheme  was  introduced  and  today  the  ERS-1  sa¬ 
tellite  has  a  coverage  of  5  x  5  km  in  the  wave  mo¬ 
de. 

The  above  example  shows  how  simulation  can  remove 
final  doubts  even  if  analysis  of  the  problem  is 
successful! . 


4.2  Simulator  with  Facet  Backacattaring  Modal 

The  two-dimensional  reflection  coefficient  target 
model  used  in  SARSIM  is  adequate  for  many  applica¬ 
tions,  for  example  sensor  investigations  but  it  is 
very  limited  if  scattering  mechanisms  of  complex 
targets  are  to  be  examined.  The  facet  backscatte- 
ring  model  used  in  the  SARAS  simulator,  developed 
by  Naples  University  [8]  models  the  target  as  a 


Another  example  also  concerns  quantisation  noise. 
When  plotted  against  input  signal  power,  the  quan¬ 
tisation  noise  shows  a  distinct  minimum  increasing 
at  low  powers,  due  to  the  discrete  quantisation 
steps  and  at  high  powers,  due  to  saturation  (see 
Fig.  23  and  Fig.  24).  These  curves  were  derived 
theoretically  [10]  (dotted)  and  SARSIM  was  used  to 
confirm  the  results.  The  simulation  results  are 
joined  by  dashed  lines. 
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Fig.  20  Simulated  ocean  wave  scene. 
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Fig.  21  SAR  image  of  the  scene  in  Fig.  23. 
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Fig.  22  Fourier  spectrum  of  the  image  in  Fig.  24. 
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Fig.  23  2-bit  quantisation  noise  curve. 

For  both  the  2  bit  case  (Fig.  23)  and  the  5  bit 
case  (Fig.  24),  the  simulated  values  are  much  less 
than  the  theoretical  results.  An  at  least  partial 
explanation  of  this  is  the  non-white  nature  of 
quantisation  noise  (11]  and  the  influence  of  the 


Simulation  results 

Fig.  24  5-bit  quantisation  noise  curve. 

matched  filters  in  the  SAR  processor .  This  is  an 
example  of  simulation  throwing  up  surprises  and 
leading  to  further  investigations. 
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Multi-FVequency  Multi-Polarization  Processing  for  Spaceborne  SAR 
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Abstract 

The  Shuttle  Imaging  Radar-C  (S1R-C)  is  the  third  in  a  series  of  space  shuttle  based  synthetic 
aperture  radars  (SAR)  sponsored  by  the  National  Aeronautics  and  Space  Administration 
(NASA).  The  SIR-C  ground  data  processing  system  is  to  process  the  playbacked  SAR  signal 
data  into  a  variety  of  data  products  for  distribution  to  the  science  community.  This  paper 
presents  au  overview  of  the  end-to-end  ground  data  processing  system  with  emphasis  on 
the  unique  characteristics  involved  in  the  system  design.  Included  in  the  discussion  are 
science  requirements,  radar  system  specifications,  input  data  format  specifications,  system 
operations  design,  data  products  design,  processing  algorithm  design,  hardware  architecture 
design  and  software  design. 


1.  INTRODUCTION 

The  Shuttle  Imaging  Radar-C  (SIR-C)  will  for  the  first  time 
provide  simultaneous  data  acquisition  of  eight  radar  chan¬ 
nels  (two  radar  frequencies:  L  and  C,  each  comprised  of 
two  like-polarized  and  two  cross-polarized  channels)  from  a 
spaceborne  synthetic  aperture  radar  (SAR)  (Curlander,  91a], 
(Curlander,  91b],  (Jordan,  91].  This  instrument  is  accompa¬ 
nied  by  a  VV-polarized,  X-band  SAR  (X-SAR)  which  will 
operate  simultaneously  with  SIR-C.  The  SIR-C/X-SAR  is 
currently  scheduled  for  three  space  shuttle  flights,  the  first 
being  in  late  1993.  Each  flight  is  planned  for  a  six  to  eight 
day  data  acquisition  period.  Table  1  summarizes  the  SIR-C 
science  requirements  on  the  image  quality  of  output  prod- 


Table  1:  SIR-C  science  requirements  on  the  image 
quality  of  output  data  products. 


Resolution  broadening 

S  20% 

Integrated  Sidelobe  Ratio 

S  -14  dB 

Peak  Sidelobe  Ratio 

s  -17  dB 

Ambiguity  to  Signal  Ratio 

S  -20  dB 

Swath  Width 

15  Km  to  00  Km 

Radtometrtc  Accuracy  (Science  Goal) 

-  Relative  Croaa-Swath  (is) 

t  1.0  dB 

-  Relative  Band-to-Band  (la) 

t  1.5  dB 

•  Relative  Channel -to -Channel  (la) 

1 1.0  dB 

-  Absolute  Each  Channel  (Jo) 

i  3.0  dB 

-  Phase  Error 

i  10* 

Geometric  Accuracy  (Jo) 

-  Absolute  Location 

S  100  m 

-  ChanneMo-Channel  Registration  Error 

s  1/S  pixel 

-  Scale  error 

i  0.1% 

-  Skew  error 

i  0.1% 

ucts.  Table  2  shows  the  orbit  characteristics  and  the  radar 
specifications. 

This  paper  presents  the  system  design  of  the  SIR-C  ground 
data  processor,  which  is  being  developed  at  the  Jet  Propul- 


Table  2:  SIR-C  orbit  characteristics  and  radar 
specifications. 


SAR  Orbit 

-  Nominal  Altitude 

215  ±  25  Km 

-  Eccentricity 

S  0.002° 

-  Inclination 

57° 

Attitude  Measurement  ErrorOo) 

-  Roll 

±1.24° 

-  Yaw 

±1.43° 

-  Pitch 

±1.78° 

Attitude  Drift  Rate  Error  (3o) 

•  Roll 

±0.03°/sec 

-  Yaw 

±0.03°/*ec 

-  Pitch 

±0.03*/sec 

Transmitter  frequency 

-  L-Band 

1.25  GHz 

-  C-Band 

5.30  GHz 

Polarization 

HH.  HV.  VH.  W 

Pulse  bandwidth 

20.  10  MHz 

Pulse  duration 

33.8,  16.9,  8.44  usee 

Samplng  rate 

45.  22.5  MHz 

Data  quantization  format 

4-bit.  S-blt,  (8.4)  BFPO 

Pulee  Repetition  Frequency 

1344.  1395.  1440.  1488, 
1512,  1620.  1674.  1736  Hz 

Antenna  Dimension 

•  L-Band 

12.1  m  x  2.8  m 

-  C-Band 

12.1  m  x  0.74  m 

Inddenoe  Angie 

17*  to  63* 
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sion  Laboratory  (JPL)  under  contract  with  NASA  (Curlan- 
der,  91b],  There  are  two  European  space  agencies  working  on 
the  X-SAR  processor  development:  the  German  Aerospace 
Research  Establishment  (DLR)  and  the  Italian  Space  Agency 
(ASI)  [Runge,  90]. 

The  major  challenge  to  the  SIR-C  processor  design  is  to  cope 
with  a  large  number  of  radar  modes.  Nominally  the  SIR-C 
science  team  has  selected  seventeen  data  acquisition  modes 
from  all  the  possible  combinations  with  eight  radar  chan¬ 
nels  (See  Table  3),  two  pulse  bandwidths  and  three  data 
quantization  formats.  Additionally,  data  will  be  collected  in 
two  nominal  attitudes  over  incidence  angles  from  17®  to  63° 
with  a  variety  of  antenna  elevation  patterns  controllable  to 
provide  beam  spoiling  at  the  steep  incidence  angles.  The 
large  number  of  radar  modes  complicates  the  logics  in  han¬ 
dling  different  types  of  data  format  and  increases  the  scope 
of  testing  the  integrated  processor  software. 

The  second  challenge  to  the  SIR-C  processor  design  is  to 
cope  with  the  large  attitude  uncertainties  and  high  attitude 
drift  rates  of  the  space  shuttle  platform  as  shown  in  Table 
2.  The  large  attitude  uncertainties  create  PRF  ambiguity 
problem  in  Doppler  centroid  estimation  and  large  Doppler  er¬ 
rors  for  data  acquired  over  high  terrain  relief  areas.  Special 
techniques  (multiple  PRF  technique  and  attitude  steering 
technique,  respectively)  are  required  to  resolve  the  problems 
[Chang,  92a],  [Chang,  92b].  The  high  attitude  drift  rates  in¬ 
duce  fast  Doppler  drifts  in  both  cross-track  and  along-track 
dimensions.  Frequent  Doppler  update  is  required  to  main¬ 
tain  the  image  quality,  which  complicates  the  geometric  rec¬ 
tification  procedure  to  produce  a  seamless  image. 

The  third  challenge  to  the  SIR-C  processor  design  is  to  pro¬ 
duce  radiometrically  calibrated  and  geometrically  registered 


Table  3:  SIR-C  radar  data  aquisition  modes 


M3£ 

CHANNEL-1 

CHANNEL-2 

CHANNEL-3 

CHANNEL-4 

■ 

UH 

LHH 

LHV 

LHV 

LVH 

LVH 

LVV 

LVV 

OH 

OH 

CHV 

CHV 

CVH 

CVH 

CVV 

CVV 

5 

UH 

UH 

LVV 

LW 

6 

OH 

OH 

CVV 

CVV 

LHH 

UH 

CW 

CW 

UH 

UH 

OH 

OH 

LVV 

LVV 

CVV 

CW 

■fffSi 

ssKViUBi 

LVH 

CVH 

i » 

LHH 

LHV 

OH 

KjV 

12 

LVH 

LW 

CVH 

13 

LHH 

LVV 

OH 

- 

14 

1>H 

LVH 

LHV 

15 

OH 

CHV 

■CH 

1« 

LVH,  LHH 

LW,  LHV 

CVHCHH 

CW,  CHV 

jsrai 

irsi 

LHV 

LW 

Kmz±£3 

CHV 

CW 

multi-band,  polarimetric  SAR  image  [Freeman,  89],  [Klein, 
92].  For  radiometric  calibration,  the  built-in- test-equipment 
(BITE)  data  are  designed  for  probing  the  health  of  the  an¬ 
tenna,  receive  only  noise  data  for  estimating  the  noise  power, 
calibration  tone  signal  for  monitoring  the  receiver  gain  and 
temperature  measurements  and  T/R  module  failure  informa¬ 
tion  transmitted  via  the  downlink  telemetry.  These  ancillary 
data  and  calibration  site  data  are  essential  to  derive  radio- 
metric  calibration  parameters  which  are  applied  during  the 
data  processing  to  produce  calibrated  image  product.  For 
geometric  registration,  special  consideration  is  required  in 
the  processor  design  to  ensure  that  the  output  images  are 
registered  in  both  cross-track  and  along-track  dimensions. 

The  remaining  paper  presents  an  overview  of  the  SIR-C  end- 
to-end  ground  data  processing  system  design,  which  includes 
input  data  format  specifications,  system  operations  design, 
data  products  design,  processing  algorithm  design,  hardware 
architecture  design  and  software  design.  At  the  end  of  the 
paper,  we  give  a  brief  summary  of  the  status  and  plan  for 
the  processor  development. 


2.  INPUT  DATA  FORMAT 

The  signal  data  is  recorded  across  four  recorder  channels  on 
the  High  Density  Digital  Cassette  (HDDC).  The  data  rate 
for  each  recorder  channel  is  45  Mbps  for  a  total  of  180  Mbps. 
The  signal  data  is  quantized  into  one  of  three  types  of  for¬ 
mat:  4-bit,  8-bit  or  (8,  4)  block  floating  point  quantization 
(BFPQ).  Nominally,  the  data  is  collected  over  a  period  called 
data  take  using  the  same  set  of  commanded  radar  parame¬ 
ters.  The  length  of  the  data  take  varies  from  3  minutes  to  as 
long  as  15  minutes  for  ocean  site  data.  The  average  length 
is  estimated  to  be  between  4  and  5  minutes. 

The  nominal  SIR-C  data  take  consists  of  a  tum-on  sequence, 
followed  by  the  science  data  collection  and  a  turn-off  se¬ 
quence  as  shown  in  Figure  1.  The  first  four  seconds  of  the 
turn-on  sequence  consist  of  (one  second  each):  receive  only 
noise  data,  caltone  scan  data,  low  noise  amplifier  (LNA) 
BITE  data  and  high  power  amplifier  (HPA)  BITE  data. 
These  four  second  data  are  used  for  radiometric  calibration. 
The  remainder  of  the  turn-on  sequence  consists  of  one  sec¬ 
ond  of  PRF, |  data  and  one  second  of  PRFg  data  which 
together  with  the  first  second  of  PRFc  data  are  used  for 
resolving  PRF  ambiguity  in  estimating  the  Doppler  centroid 
frequency  [Chang,  92a].  The  system  remains  on  PRFc  for 
collection  of  the  science  data.  The  turn-ofT  sequence  is  simi¬ 
lar  to  the  tum-on  sequence  in  that  the  science  data  collection 
is  followed  by  one  second  each  of  PRFg  and  PRFa ■  The 
last  four  seconds  of  the  turn-off  sequence  are  receive  only 
noise  data. 
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Figure  1:  SIR-C  input  data  run  format.  Each  segment  in  turn-on  and  turn-off  sequence  is  1  second  duration. 

RON:  Receive  Only  Noise,  LNA:  Low  Noise  Amplifier,  HPA:  High  Power  Amplifier,  CAL  scan:  Caltone  Scan. 


At  every  one  second  time  tick,  a  null-line  is  inserted.  The 
null-line  is  obtained  by  setting  a  half  of  the  phase  array  el¬ 
ements  with  a  180°  phase  difference  to  create  a  null  around 
the  center  of  the  antenna  elevation  pattern.  The  null-line  is 
used  to  estimate  the  shuttle  roll  angle  drift. 

A  sinusoid  waveform,  called  the  calibration  tone  (caltone) 
signal,  is  injected  in  the  receiver  electronics  and  recorded 
together  with  the  return  echo  data.  The  caltone  is  used  to 
estimate  the  receiver  gain  change  as  the  temperature  varies. 

3.  SYSTEM  OPERATIONS  DESIGN 

Operations  of  the  SIR-C  processor  is  comprised  of  two  main 
phases:  phase  1  survey  processing  and  phase  2  standard  pro¬ 
cessing,  which  last  for  a  total  of  one  year.  During  the  phase  1 
operations,  a  quick- look  survey  processor  is  employed  to  pro¬ 
cess  single-frequency  band,  single-polarization  channel  data 
into  low  resolution  strip  images.  These  survey  images  will 
cover  all  the  SIR-C  ground  sites  albiet  with  a  single  radar 
channel.  By-products  of  the  survey  processor  include  un¬ 
ambiguous  Doppler  centroid  estimates  history  and  roll  an¬ 
gle  estimates  history.  Additionally,  during  the  phase  1  op¬ 
erations,  some  selected  data  segments  (covering  calibration 
sites)  will  be  processed  into  single-look,  full-resolution  com 
plex  imagery.  These  data  will  be  analyzed  to  derive  the 
parameters  used  for  antenna  pattern  generation  and  polari- 
metric  calibration.  These  parameters  will  be  applied  during 
the  phase  2  standard  processing  to  produce  phase  and  am¬ 
plitude  calibrated  data  products  [Freeman,  89],  [Klein,  92). 

The  system  operations  schedule  is  planned  as  follows.  Six 
weeks  are  allocated  for  processor  check-out  upon  receipt  of 
the  first  signal  data  tape.  Phase  1  operations  will  begin 
following  the  completion  of  the  processor  system  check-out 
and  last  for  a  period  of  twelve  weeks.  This  is  followed  by 
phase  2  operations  for  a  period  of  forty  weeks. 


4.  DATA  PRODUCTS  DESIGN 

The  SIR-C  output  data  products  include  three  image  prod¬ 
ucts:  survey  image,  standard  multi-look  image  and  standard 
single- look  image;  and  one  reformatted  signed  data  product. 
The  throughput  requirements  are  to  produce  24  survey  im¬ 
age  products  per  week  during  the  phase  1  operations  and 
to  produce  9  standard  multi-look  image,  1  single-look  image 
and  1  reformatted  signal  data  products  per  week  during  the 
phase  2  operations.  The  expected  processor  throughput  far 
exceeds  the  requirements. 

The  survey  image  is  a  4-look,  single-polarization  strip  image, 
stored  in  the  byte  amplitude  format.  The  image  is  deskewed 
to  zero- Doppler  and  resampled  to  the  ground  range  domain 
with  a  50  meter  pixel  spacing.  The  resolution  is  approxi¬ 
mately  100  meters.  The  length  of  the  survey  image  is  equal 
to  the  length  of  the  data  take.  The  average  length  is  approx¬ 
imately  4.5  minutes  or  2000  Km.  The  survey  image  will  be 
recorded  on  Alden  thermal  prints  and  CD-ROMs.  The  CD- 
ROMs  will  be  distributed  to  all  the  principal  investigators 
(Pis). 

The  standard  multi-look  image  is  a  multiple  look,  polarimet- 
rir  (single-,  dual-  or  quad-polarization)  frame  image  The 
image  is  deskewed  to  zero- Doppler  and  resampled  to  the 
ground  range  domain  with  a  12.5  meter  pixel  spacing.  The 
azimuth  resolution  is  chosen  to  be  25  meters.  The  range  res¬ 
olution  is  chosen  to  be  25  meters  or  the  natural  resolution  if 
greater  than  25  meters.  The  image  data  is  stored  in  a  com¬ 
pressed  cross-product  format  [Dubois,  89],  The  basic  frame 
size  is  chosen  to  be  100  Km.  The  image  will  be  recorded  on 
Kodak  prints  and  CEOS  formatted  tapes. 

The  standard  single- look  complex  image  is  a  single-look,  po- 
larimetric  (single-,  dual-  or  quad-polarization)  frame  image. 
The  image  is  processed  to  full-resolution,  deskewed  to  zero- 
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Doppler  and  presented  in  the  slant  range  domain  in  natural 
pixel  spacing.  The  image  data  is  stored  in  a  compressed 
scattering  matrix  format.  The  basic  frame  size  is  chosen  to 
be  50  Km.  The  image  will  be  recorded  on  CEOS  formatted 
tapes  and  a  reduced,  detected  image  will  be  printed  by  the 
Kodak  printer. 

The  reformatted  signal  data  contains  the  signal  data  refor¬ 
matted  in  the  range  line  byte  format.  The  signal  data  to¬ 
gether  with  the  decoded  radar  parameters  will  be  stored  on 
CEOS  formatted  tapes. 

5.  PROCESSING  ALGORITHM  DESIGN 
5.1  Survey  Processing  Algorithm 

The  SIR-C  survey  processor  utilizes  a  burst  mode  process¬ 
ing  algorithm  [Sack,  85],  [Curlander,  91b].  The  algorithm 
flow  chart  is  shown  in  Figure  2.  The  survey  processor  is  de¬ 
signed  to  process  an  entire  data  take  into  a  strip  image  in 
approximately  one-seventh  the  real  time  data  collection  rate. 
To  attain  high  throughput  rate,  the  data  is  bursted  in  az¬ 
imuth  (slow  time)  with  a  one-quarter  duty  cycle  factor.  The 
data  volume  is  further  reduced  by  a  factor  of  four  in  range 
(fast  time)  by  processing  the  data  using  only  one-quarter 
of  the  range  chirp  bandwidth.  The  azimuth  compression 
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Figure  2:  Survey  processing  algorithm  flowchart. 


is  performed  using  the  spectral  analysis  (SPECAN)  algo¬ 
rithm  which  requires  fewer  azimuth  FFT’s  than  the  tradi¬ 
tional  matched  filtering  algorithm.  Following  azimuth  com¬ 
pression,  radiometric  correction  is  applied  to  compensate  for 
the  along-track  radiometric  modulation.  This  is  followed  by 
a  geometric  rectification  step  that  resamples  the  slant  range- 
Doppler  image  into  the  ground  range  cross- track  and  along- 
track  domain.  The  rectified  burst  images  are  then  overlaid 
to  produce  the  final  multi-look  strip  image. 

For  the  survey  processor,  the  initial  Doppler  centroid  fre¬ 
quency  is  determined  using  a  clutterlock  routine  and  a  ambi¬ 
guity  resolution  technique  that  requires  a  multiple  PRF  data 
collection  at  the  start  of  each  data  take  [Chang,  92a].  The 
unambiguous  Doppler  centroid  frequency  is  then  tracked  by 
a  burst  mode  clutterlock  algorithm  during  the  data  process¬ 
ing.  The  Doppler  frequency  rate  is  solely  derived  from  the 
ephemeris  parameters.  Analysis  results  show  that  the  accu¬ 
racy  of  the  ephemeris  is  sufficient  for  generation  of  survey 
products  without  employing  the  autofocus  routine. 


5.2  Standard  Processing  Algorithm 

Prior  to  standard  processing,  preprocessing  is  employed  to 
iteratively  refine  the  Doppler  centroid  frequency  and  the 
Doppler  frequency  rate  estimates  using  clutterlock  and  aut¬ 
ofocus  techniques  [Li,  85].  Doppler  centroid  frequency  is 
estimated  from  the  azimuth  spectrum  by  locating  the  en¬ 
ergy  centroid.  Doppler  frequency  rate  is  estimated  from  the 
look  registration  error  by  azimuth  cross-correlating  the  look- 
1  and  look-4  images  obtained  by  spectral  division.  Identical 
Doppler  parameters  are  used  for  processing  all  polarimetric 
data  channels  to  ensure  the  phase  coherency  required  for  the 
polarimetric  data  analysis.  This  approach  will  result  in  some 
increase  in  azimuth  ambiguities  if  the  antenna  beams  are  not 
exactly  aligned. 

The  range- Doppler  processing  algorithm  (i.e.,  the  rectangu¬ 
lar  algorithm)  with  secondary  range  compression  and  fre¬ 
quency  domain  range  cell  migration  compensation  was  se¬ 
lected  by  SIR-C  for  standard  processing  [V/u,  82],  [Jin,  84], 
[Curlander,  91a].  The  algorithm  flowchart  is  shown  in  Figure 
3.  The  range  compression  and  azimuth  compression  matched 
filtering  operations  Me  performed  using  the  frequency  do¬ 
main  fast  convolution  technique.  All  the  signal  data,  in¬ 
dependent  of  the  final  products,  are  initially  processed  to 
single- look,  complex  imagery  using  the  full  azimuth  process¬ 
ing  bandwidth.  This  is  followed  by  an  azimuth  deskew  op¬ 
eration  where  the  resulting  deskewed,  single-look  complex 
image  is  then  radiometrically  corrected. 

Following  standard  processing,  postprocessing  is  employed 
to  generate,  the  final  image  product  (Curlander,  91b).  Data 
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Figure  3b:  Standard  poetpcocesaing  algorithm  flowchart. 


reduction  is  the  only  postprocessing  function  for  generation 
of  single-look  image  products,  where  the  data  reduction  func¬ 
tion  is  applied  to  the  scattering  matrix.  Major  postpro¬ 
cessing  functions  for  generation  of  multi-look  image  prod¬ 
ucts  include  cross-product  generation,  multi-look  filtering 
and  data  reduction  where  the  multi-look  filtering  combines 
multi-looking  as  well  as  geometric  rectification  functions.  For 
SIR-C,  all  the  multi-look  images  will  be  filtered  to  a  25  m 
resolution  in  azimuth  and  a  25  m  or  natural  resolution  in 
range.  The  pixel  spacing  is  selected  to  be  12.5  m  in  both 
range  and  azimuth.  The  filtering  is  applied  to  the  cross- 
products.  The  data  reduction  function  is  then  applied  to 
the  multi-look  filtered  cross-products  data. 

6.  HARDWARE  ARCHITECTURE  DESIGN 

Figure  4  shows  the  hardware  architecture  design  of  the  SIR-C 
ground  data  processor.  The  entire  processor  system  is  com¬ 
posed  of  seven  subsystems.  The  Data  Transfer  Subsystem 
(DTS)  performs  raw  data  reformatting  and  line  synchroniza¬ 
tion.  The  SAR  Correlator  Subsystem  (SCS)  processes  the 
SAR  signal  data  into  survey  and  standard  image  data.  The 
Output  Products  Subsystem  (OPS)  performs  image  data  re¬ 
formatting,  recording  and  display.  The  Control  Processor 
Executive  (CPX)  controls  the  processing  sequence  of  the 
above  three  subsystems.  The  Catalog  Subsystem  (CAS) 
stores  the  information  concerning  the  processing  request  and 
processor  status  into  database.  The  Calibration  Subsystem 
(CAL)  is  used  for  generation  of  calibration  oarameters  and 
analysis  of  calibration  site  image  quality.  The  Radar  Data 
Center  (RDC)  archives  all  the  output  data  products. 

The  SCS  consists  of  a  STAR  array  processor  with  three  com¬ 
putational  modules,  an  Alliant  FX/8  mini-supercomputer 
with  eight  compute  elements  and  an  Alliant  FX/2800  mini- 
supercomputer  with  twelve  i860-based  CPU’s.  The  STAR 
array  processor  is  the  main  compute  engine  for  survey  proces¬ 
sor.  Its  FFT  performance  is  measured  at  120  MFLOPS  using 
three  computational  modules.  The  Alliant  FX/8  is  primar¬ 
ily  used  for  standard  postprocessing  functions.  Its  aggregate 
FFT  performance  nears  20  MFLOPS.  Two  SKYBOLT  accel¬ 
erator  boards  are  installed  to  speed  up  the  FX/8  computer, 
which  provide  additional  100  MFLOPS  compute  power.  The 
FX/2800  is  the  main  compute  engine  for  standard  processor 
and  standard  preprocessor.  Its  aggregate  FFT  performance 
is  measured  at  over  300  MFLOPS.  Computational  tasks  are 
distributed  over  computers  for  concurrency  processing  in  or¬ 
der  to  provide  maximum  processor  throughput. 

The  DTS  consists  of  a  high  density  digital  recorder,  a  DE¬ 
MUX  and  two  data  quality  analyzers  (DQA).  The  DEMUX 
is  used  for  selection  of  recorder  channel  for  data  processing. 
The  DQA  is  used  for  line  synchronization  and  verifying  the 
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Figure  4:  SIR-C  ground  data  processing  system  hardware  architecture. 


data  quality  and  integrity.  The  OPS  consists  of  Exabyte 
tape  drives,  Alden  thermal  printers  and  Kodak  color  print¬ 
ers.  Three  subsystems,  OPS,  CAS  and  CAL,  run  on  three 
separate  SUN  Sparc  workstations.  The  image  display  and 
operator  interface  display  are  handled  via  X-terminals. 

7.  SOFTWARE  DESIGN 

There  are  a  variety  of  software  packages  used  for  develop¬ 
ing  the  SIR-C  processor  due  to  the  need  of  specific  applica¬ 
tions.  The  major  part  of  the  signal  processing  software  is 
written  in  FORTRAN  while  the  input  and  output  format¬ 
ting  software  is  written  in  C.  The  image  display  software  is 
developed  using  X-library  routines.  The  operator  interface 
software  is  developed  using  a  graphics  user  interface  software 
called  Teleuse  which  runs  on  top  of  MOTIF.  The  image  an¬ 
notation  is  created  using  a  commercially  available  software 
package  called  PV-WAVE.  The  catalog  subsystem  software 
uses  both  FORTRAN  and  INGRES. 

8.  SUMMARY 

Design  and  implementation  of  the  SIR-C  ground  data  pro¬ 
cessing  system  is  quite  a  challenge  due  to  the  large  number 
of  radar  modes  and  the  large  attitude  errors/high  attitude 
drift  rates.  In  addition  to  the  correlation  software,  there  are 
many  software  programs  required  for  deriving  parameters 
from  the  ancillary  data  in  order  to  ensure  that  the  output 
image  products  are  radiometrically  calibrated  and  geomet¬ 


rically  registered.  Another  challenge  to  development  of  this 
large  software  based  system  is  its  complex  interfaces  among 
the  many  software  programs.  Clear  interface  definitions  are 
essential  to  successfully  deliver  the  operational  system  on 
schedule. 

Currently,  we  are  in  the  middle  of  developing  all  the  proces¬ 
sor  software.  Major  computer  hardware  will  be  installed  by 
summer  1992.  The  end-to-end  system  integration  will  take 
place  in  early  1993.  The  entire  system  is  scheduled  to  begin 
operations  in  late  1993. 

Development  of  the  SIR-C  processor  inherits  a  great  deal  of 
experience  from  the  previous  and  existing  spaceborne  and 
airborne  SAR  processors,  such  as  SEASAT,  SIR-B,  and  JPL 
AIRSAR.  Experience  accumulated  from  the  SIR-C  proces¬ 
sor  will  certainly  benefit  future  processor  design  and  devel¬ 
opment,  such  as  EOS  SAR  and  RADARSAT. 
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1.  OBJECTIVES  AND  APPLICATIONS 

ISAR  is  a  technique,  based  on  time  and 
Doppler  frequency  analysis,  which  is  used 
for  imaging  of  targets  having  rotational 
motions  with  regard  to  the  radar.  In  the 
sixties,  observation  of  the  Noon  and 
planets  by  a  radar  located  on  the  Earth  was 
one  of  the  first  applications  (Ref.  1,  2 
chapter  33).  Closely  derived  from  these 
first  trials,  imaging  of  objects  in 
terrestrian  orbit  by  ISAR  techniques  is 
performed  with  interesting  results  (Ref. 

3). 

However,  the  most  current  domains  of 
application  of  ISAR  are  now  measurements  of 
targets  signatures  and  target  recognition. 

The  objective  of  the  first  one  is  to 
measure  the  complex  reflectivity  of  each 
reflecting  point  of  a  target.  Although  the 
processing  has  to  compensate  for  various 
degrading  effects  of  the  image  quality,  it 
is  in  general  the  most  simple  case,  as  far 
as  the  conditions  of  the  experiment  can  be 
perfectly  mastered.  This  happens  if  the 
target  can  be  put  on  a  turntable  for  the 
analysis  (Ref.  5).  The  result  of  the 
analysis  is  a  two  dimensional  (2-D)  image 
of  the  distribution  of  the  reflecting 
points.  The  two  dimensions  are  range  and 
cross-range  in  a  fixed  plan. 

The  second  application  has  been  subject  to 
numerous  studies  and  experiments  in  the 
field  of  aircraft  classification  from  a 
ground  based  radar  (Ref.  4,  7,  8,  13,  14). 
1-D  (cross-range  only)  and  2-D  principles 
have  been  tested.  ISAR  has  been  envisaged 
to  equip  air  defence  radars  and  eventually 
airborne  fire  control  radars  with  a 
non-cooperative  target  recognition  mode. 


In  the  same  domain,  the  most  demanding 
configuration  is  obtained  when  the  radar 
and  the  target  are  moving  simultaneously, 
and  when  their  relative  position  and 
velocity  can  be  described  only  with  the 
help  of  an  analysis  of  the  returned  radar 
signal  itself.  This  is  the  case  of  ship 
imaging  with  an  airborne  radar  (Ref.  11, 
16).  In  this  case,  the  particular  behaviour 
of  ships  at  sea  allows  the  production  of 
3-D  images:  range,  azimuth  and  height. 


2.  BOW  TO  GET  VHE  IMAGE  7 

Let  us  consider  a  conventional  radar,  in 
which  the  receiver  is  matched  to  a  single 
pulse  return,  that  is  to  say  to  a  very 
short  observation  time.  In  this  case,  it  is 


well  known  that  the  resolution  in  range  is 
inversely  proportional  to  the  bandwidth  of 
the  received  waveform.  The  coherent 
processing  is  to  short  in  time  to  allow  any 
resolution  in  Doppler  frequency  (Ref.  2  p. 
3-18). 

If  several  targets  are  located  in  the  beam 
in  the  same  range  cell,  they  cannot  be 
resolved.  Furthermore,  there  is  no 
information  at  all  about  their  range  rate, 
acceleration,  rotational  motions,  etc... 

The  conventional  radar  is  basically  a 
mono-dimensional  range-only  sensor. 

Specific  means  have  to  be  added  to  give  to 
the  radar  the  ability  to  provide  the 
position  in  azimuth  and  heioht  of  the 
target,  and  all  the  parameters  listed 
above . 

To  try  to  get  all  these  informations,  the 
principle  is  to  realize  a  filter  which  is 
matched  to  a  long  time  observation  of  the 
target.  In  these  conditions,  the  Doppler 
frequency  can  be  analysed,  providing  an 
additional  dimension  to  the  image. 

One  question  is  here  to  recognize  the  axis 
which  corresponds  to  this  Doppler  analysis: 
Is  it  the  azimuth?  Is  it  the  height?  Is  it 
something  other?  This  requires  some  knowing 
about  the  conditions  of  observation.  If  the 
axis  of  rotation  of  the  target  is  known, 
like  in  the  case  of  an  object  put  on  a 
turntable,  it  is  shown  in  paragraph  4  that 
the  dimension  which  is  measured  by  the 

Doppler  analysis  is  a  cross-range  axis,  in 
a  plane  orthogonal  to  the  axis  of  rotation 
of  the  target. 

Generalizing  this  remark,  one  can  realize  a 
reception  filter  which  is  matched  to  a 
longer  and  longer  analysis.  Several  terms 
of  the  conventional  ambiguity  fonction, 
which  are  negligible  for  a  short  or  medium 
analysis  time,  become  preponderant.  The 
output  of  the  filter  is  not  only  a  function 
of  time  and  Doppler  frequency,  but  also  of 
derivates  of  the  Doppler  frequency:  Doppler 
rate,  Doppler  acceleration,  etc...  It  is  a 
generalized  ambiguity  function  (Ref.  2  pp. 
3-14  and  3-15). 

The  output  of  this  long  time  matched  filter 
is  a  function  depending  of  2,  3  or  more 
parameters.  Through  an  a  priori  knowing  of 
the  behaviour  of  the  target,  it  can  be 
possible,  in  some  particular  cases,  to 
establish  a  relation  between  each  parameter 
>'f  the  ambiguity  function  and  an  axis  of 
analysis  of  the  target:  Range,  azimuth, 
height.  As  an  example,  a  relation  between 
the  parameters  of  the  generalized  ambiguity 
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function  and  the  two  cross-range  axis  of  a 
target  is  established  in  paragraph  6  in  the 
case  of  ship  classification. 


2.1.  Doppler  Frequency 

The  expression  of  the  Doppler  frequency  is 
well-known,  but  is  established  again  in 
this  paragraph,  as  an  introduction  to 
further  developments.  These  developments 
leed  to  the  estimation  of  the  resolution 
that  can  be  obtained  for  the  different 
parameters  of  the  generalized  ambiguity 
function.  The  computation  of  the  resolution 
in  range,  using  a  Taylor  development  of  the 
correlation  function  of  the  received 
signal,  is  not  performed.  But  the 
computation  of  the  resolution  in  Doppler  is 
done,  and  then  the  computation  of  the 
resolution  in  Doppler  rate,  by  the  same 
method. 

Let  us  consider  a  radar,  transmitting  a 
constant  frequency  continuous  wave.  The 
*hase  of  the  transmitted  signal  is  linked 
to  the  time  and  the  carrier  frequency  by 
the  expression: 


Equation  (6)  becomes: 

4  n  R 

♦t(t)  -  2  r  fc  t - +  *0  (8) 

X 


R  is  in  fact  a  function  of  time.  R(t)  can 
be  developped,  using  its  successive 
derivatives  (up  to  the  third  order,  in  the 
above  example),  around  its  value  at  an 
initial  reference  time  (t-0): 


t2  .  t3 

R(t)  -  R0  —  u0  t  —  Y0 - To  --  (9) 

2  6 


Uo 


Y0 


r  0 


dR  |  initial  velocity  of  the 

—  |  target,  relative  to  the 

dt  | t-0  radar  (positive  when 

closing)  (10) 

d2R  |  initial  acceleration  of  the 

-  I  target,  relative  to  the 

dt2  | t-0  radar  (11) 

d3R  |  derivative  of  the 

-  |  acceleration  of  the  target 

dt3  | t-0  relative  to  the  radar  (12) 


♦.(t)  —  2  r  fe  t  +  ♦„  (1) 

♦0 :  Initial  phase 

The  signal  is  reflected  by  a  target, 
located  at  a  range  R.  The  signal  which  is 
transmitted  at  instant  t,  is  received  at: 

2  R 

t,  -  t  + -  (2) 

c 

Approximation:  We  consider  that  the 
velocity  of  the  target  is  far  lower  that 
the  velocity  of  light.  As  a  consequence,  we 
admit  that  the  range  of  the  target  doesn't 
vary  between  the  time  of  transmission  of 
the  signal  and  the  time  of  reception. 


Substituting  (9)  in  (8),  we  obtain: 

4  n  R0 

♦  r(t)  -  2  n  fc  t - +  ♦„ 

X 


4  r 


4  n  t2 


4  R  .  t3 

+ - r0  —  (13) 

X  6 


At  this  time,  the  phase  of  the  received 
signal  is  the  one  which  had  been 
transmitted  at  instant  t: 

♦  r(tr)  -  *.(t)  (3) 

Taking  the  instant  of  reception  as 
reference  time,  equation  (3)  becomes: 

2  R 

♦  r(t)  -  *.(t - )  (4) 

c 


The  three  last  terms  of  equation  (13)  are 
characteristic  of  the  motion  of  the  target 
We  can  define  a  "Doppler  phase",  which  is 
the  phase  that  remains  after  demodulation 
of  the  received  signal  by  the  transmitted 
signal: 

4  r  4  r  t2  4  r  .  t3 

*D(t)  - - u,  t  + - r0  --  + - r0  — 

X  X  2  X  6 

(14) 


Using  equation  (1),  we  get: 

The  Doppler  frequency  is  deduced, 
derivative  of  the  Doppler  phase: 

being  a 

2  R 

♦  ,(t)  -  2  R  fc  (t - )  +  ♦„ 

c 

(5) 

1  <*tD 

fB(t)  - - 

2  r  dt 

(15) 

4  R  R  fc 

♦  r(t)  -  2  R  fc  t - +  ♦„ 

c 

(6) 

2  Uo  2  r0  r0 

fD(t)  - - + - -  t  +  —  t2 

(16) 

Introducing  the  wavelength: 

XXX 

c  We  have  obtained  an  expression  of  the 

X  .  _  /71  Doppler  frequency  and  phase,  depending  of 

t  the  parameters  which  are  describing  the 

e  motions  of  the  target.  It  can  be  usefull  to 

settle  the  expression  of  the  Doppler  phase 
as  a  function  of  the  Doppler  frequency  and 
its  derivatives: 
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..  t2 

fD(t)  -  fD  +  fB  t  +  fB  — 

2 


Average  Doppler  frequency 

(18) 


-J*  «(t)  s*(t-T).  (31) 

f  T2  .  .  .  t2  .  .  t* 

exp  j2El(f+f,T - - — )t  +(*f+  f,T) — +  f  — Jdt 

2  2  6 


Doppler  slope 


2.4.  Ambiguity  function 


•  •  2  r0 

fB  - - 

X 


Doppler  acceleration  (20) 


. .  t3 

♦D(t)  -  2  k  fB  t  +  n  fB  t2  +  n  fB  —  (21) 

3 


2.2.  Received  signal 

He  consider  now  that  the  signal  which  is 
transmitted,  s(t),  is  no  more  a  continuous 
wave  at  constant  frequency,  but  a  narrow 
bandwidth  waveform  on  a  carrier  frequency, 
".'o  simplify  the  notations,  the  amplitude  is 
normalized  to  1.  Expression  of  the  received 
signal : 

sr(t)  -  s ( t )  exp  [  j  *B(t)  ]  (22) 

t2  t3 

sr(t)  -  s(t)  exp  ( j2x( f„t  +  fD  —  +  f„  —  )J 

2  6 

(23) 

2-3.  Hatched  Filter 

The  filter,  which  is  matched  to  a  signal  of 

Doppler  parameters  fa,  fa,  fa,  has  the 
following  impulse  response: 

.  t2  ..  t3 

h(t)-s*(-t)  exp  [  -  j2n(  f,  t  +  f.  —  +  f,  — ] 

2  6 

(24) 

Notations: 


Output  of  the  matched  filter: 

X(t,f,f,f'  ,f.,fj  -  j  h(  T-t)sr(  t)dt  (28) 

X(x,f,f,£  -  |  s ( t )  s-(t-r)  eJ*  dt 

(29) 


.  t2  ..  tJ 

♦  -  2  It  I  f0  t  +  f„  —  +  f„  —  (301 

2  6 

.  (t-T)2  ..  (t-T)3 

-  f.  (t-x)  -  f. - f.  - -  J 

2  6 


|X(T,f,f,f  ,f.,f.)|2  is  the  generalized 
ambiguity  function  of  the  waveform. 


3-  RESOLUTION 

3.1.  Resolution  in  Doppler  frequency 

To  evaluate  the  resolution  in  Doppler 
frequency,  we  suppose  that  the  derivatives 
of  the  Doppler  frequency  are  null.  That  is 
to  say,  we  use  the  range-Doppler  ambiguity 
function. 

The  ambiguity  function  is  a  correlation 
function.  Its  maximum  is  at  the  origin. 

To  estimate  the  width  of  the  correlation 
peak  on  the  frequency  axis,  we  perform  a 
taylor  development  around  the  position  of 
the  peak  (0,0) : 


IX(C,f)|2  -  |xl0,0) | 2  +  f 


d  |  X(  0 ,  f )  |  2  | 


f2  d2 | x( 0 ,  f )  |  2 
21  df2 


The  first  derivative  of  the  ambiguity 
function  at  (0,0)  is  equal  to  zero,  because 
at  this  point,  the  function  is  reaching  its 
maximum: 


d|x(0,f ) | 2 


The  second  derivative  can  be  computed,  as  a 
function  of  the  value  of  the  ambiguity 
function  at  (0,0): 

d2  )X(0,f )  | 2  |  (*~ 

-  |_  -2( 2n) 2 /  t2 |s(t) | 2dt | X ( 0 , 0 ) | 

lf.o  l_m  (34) 

f0  is  the  half  width  of  the  peak  on  the 
Doppler  axis,  at  3  dB: 

IX(0,fo)  | 2  1 

(35) 

IX(0,0)|2  2 

The  width  of  the  peak  is  then: 

J7  ([  |s(t)|2  dt)l/2  1 

2  f,  -  — - L  ~- - -  -  (36, 

2x  (I  t2|s(t)|»  dt ) 1/2  T. 

T,  is  the  "equivalent  duration"  of  the 
signal.  For  the  signals  of  finite  duration, 
which  are  considered  in  our  application,  T. 
is  very  near  from  the  duration  of  the 
signal . 


I 
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Example: 

For  an  observation  during  an  aperture  time 
T.,  the  resolution  of  equation  (36)  gives: 

IF  0,78 

2  f0  - - - -  (37) 

»  T.  T. 


3.2.  Resolution  in  Doppler  acceleration 

We  make  now  the  hypothesis  that  the  Doppler 
frequency  is  null,  and  we  use  the  same 
principle  to  evaluate  the  resolution  in 

f . 


n*  f2  |  t4  |s(t)|>  dt  -  | X(0,0,0) j 1  (42) 

The  width  of  the  peak  is  then: 

2  (  f**°|s(t)  | 1  dt)1/2 

2  f# - -  (43) 

x  (pt«|s(t)|2  dt)1/2 

Example: 

For  an  observation  during  an  aperture  time 
Ta,  the  resolution  of  equation  (43)  gives: 

8-nr  5.7 

2  f„  - - - -  (44) 

*  T. 2  T  2 


The  Taylor  development  of  the  ambiguity 
function  around  (0,0,0)  is  done  hereafter: 


I X( 0,0, f ) | 2 


juft2 

e  dt  | 2 

(38) 


.  d  |  x(  0 , 0 ,  f )  | 2 1 

I  X( 0 , 0 , 0 ) | 2  +  f -  |  . 

dt  I f-0 


f2  d2 | x( 0,0, f )  |  2  | 

+ -  |  .  (39) 

2  dt2  l f-0 

it2  . 

-  lx(0,0,0)  I  2 - f2 

2 


i 


t4  |s(t)  |  2dt  (40) 


f0  is  the  half  width  of  the  peak  on  the 
Doppler  derivative  axis,  at  3  dB: 


IX(0,0,f0)|2  1 

|X(0,0,0)|2  2 


(41) 


4-  BASIC  ISAR 
4.1 .  Description 

The  radar  is  fixed  (point  A  of  figure  1). 
The  target  is  rotating  at  a  constant  rate 
u.  The  center  of  rotation  is  C.  The  range 
between  the  radar  and  the  center  of 
rotation  is  R. 

We  consider  one  reflecting  point  of  the 
target  (point  M  of  figure  1),  which  is 
located  at  coordinates  (x,y,0),  at  initial 
time  (t-0).  x  and  y  are  small  compared  to 
R. 


The  coordinates  of  M  at  each  time  are 


(u, v, 0 ) : 

u  -  x  cos  u>  t  -  y  sin  «  t  (45) 

v  -  x  sin  u>  t  +  y  cos  o  t  (46) 

The  range  of  the  reflecting  point  is: 

R„2  -  (R  +  u) 2  +  v2  (47) 

R„2  »  (R  +  x  cos  (o  t  -  y  sin  u  t)2 

+  (x  sin  o  t  +  y  cos  w  t)2  (48) 


Figure  1:  Basic  ISAR  geometry 
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Rfl*  -  R02  +  2  R  x  cos  <at 

-  2  R  y  sin  «t  (49) 

whith  Rt  *  R,  at  t  •  0 

R  x  cos  u  t 
*h  -  *.  <  1  + - 

V 

R  y  sin  u  t 

-  )  (50) 

V 

The  Doppler  frequency  of  H  is  then: 

2 

fD  -  -  u  (y  cos  (i)  t  +  x  sin  u  t)  (51) 

X 

For  a  short  observation  time  T,  around  t«0, 
the  Doppler  frequency  is  depending  only  on 
the  y  coordinate: 

2  y  u 

f0 -  (52) 

X 

We  have  established  a  direct  relation 
between  the  Doppler  frequency  and  the 
position  of  the  reflecting  point  on  a 
cross-range  axis,  relative  to  the  center  of 
rotation. 

We  can  note  that  the  reception  filter  has 
to  be  matched  to  signals  of  constant 
frequency  and  finite  duration.  As  a 
consequence,  the  ISAR  processing  is  reduced 
to  a  simple  Fourier  transform. 


4.2.  Resolution 

As  a  result  of  equation  (36),  the 
resolution  in  Doppler  frequency,  for  an 
observation  time  T„,  is: 

k 

rf0  -  --  (53) 

T. 

where  the  value  of  k  is  near  to  1. 

This  result  is  well-known  for  every 
conventional  spectral  analysis.  It  could  be 

possible  to  achieve  a  better  resolution,  by 
the  mean  of  estimation  methods. 
Unfortunatly,  these  methods  require  a  high 
signal-to-noise  ratio  and  a  large  amount  of 
computation.  They  are  not  currently  used  in 
this  field  of  application. 

The  resolution  on  the  cross-range  axis  is 
then: 


2  u  2  u  T, 

X 

r_ -  (55) 

2  ♦. 

with 

♦.  •  <o  T,  (56) 

♦,  is  the  angle  of  rotation  of  the  target 
during  the  observation  time  (figure  l).lt 
is  interesting  to  note  that  the  resolution 


is  a  function  of  only  one  parameter  . 


4.3.  Projection  plan 

It  comes  from  previous  developments  that 
the  resolution  of  ISAR  processing  is 
obtained  on  a  cross-range  axis,  which  is 
orthogonal  to  the  axis  of  rotation  of  the 
target. 

The  image  is  a  projection  in  a  plan 
containing  the  radar-to-target  axis  (range 
axis)  and  the  cross-range  axis  which  is 
orthogonal  to  the  axis  of  rotation. 

Figure  2  gives  several  examples  of  basic 
projections. 

-  In  figure  2a,  the  target  is  oriented  to 
the  radar  and  has  a  pitch  motion.  The 
range  resolution  is  on  the  lenght  axis  of 
the  target,  and  the  cross-range 
resolution  is  the  height  of  the  target. 
The  projection  plan  is  a  range-height 
vertical  plan. 

-  In  figure  2b,  the  target  is  oriented 
perpendicular  to  the  radar  range  axis  and 

has  a  roll  motion.  The  range  resolution 
is  on  the  width  axis  of  the  target,  and 
the  cross-range  resolution  is  still  the 
height.  The  projection  plan  is  a 
width-height  vertical  plan. 

-  In  figure  2c,  the  target  is  oriented  to 
the  radar  and  has  a  yaw  motion.  The  range 
resolution  is  on  the  length  axis  of  the 
target,  and  the  cross-range  resolution  is 
the  width.  This  case  is  comparable  to 
SAR.  The  projection  plane  is  a 
length-width  horizontal  plan. 


In  several  applications,  the  configuration 
is  not  so  simple.  The  target  principal  axis 
are  any  possible  orientation  compared  to 
the  range  axis.  There  can  be  simultaneouly 
pitch,  roll  and  yaw  motions.  The 
orientation  of  the  instantaneous  axis  of 
rotation  is  not  known.  Consequently,  the 
position  of  the  projection  plan  is  not 
known  either. 


5-  RELATIONS  WITH  SAR,  REAL  APERTURE,  AMP 
TONOGRAPHY 

5.1.  Relation  with  SAR 

Figure  3  shows  a  typical  SAR  configuration. 
The  radar  is  flying  at  constant  speed,  u, 
and  height  on  a  straight  line.  It  is 
observing  a  first  reflecting  point  designed 
by  H..  The  azimuth  of  the  target  is  The 
Doppler  frequency  is: 

2  u 

fD1  - - cos  ♦,  (57) 

X 


There  is  a  second  reflecting  point,  H, , 
which  is  at  the  same  range,  but  with  a 
slightly  different  azimuth: 

*♦  (58) 
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(  —  ) 


Rang*  =  Lenght 

Doppler 
=  Height 


Doppler 
=  Width 


Ranges  Lenght 


Figure  2;  Projection  plan  of  the  isaqe 


The  Doppler  frequency  of  the  second 
reflecting  point  is: 

2  u 

f02  - - cos  (♦,  +  «♦)  (59) 

X 


At  the  first  order: 

2  u 

foi  ”  fD2  “ - sin  ♦:  *♦  <6°) 

X 

For  a  short  observation  time  T.(  can  be 
considered  as  a  constant.  In  this  case,  the 
signals  received  from  the  targets  are  pure 
constant  frequencies,  and  the  matched 
processing  is  done  by  Fourier  transform. 

The  resolution  in  Doppler  frequency  is 
1/T, .  The  associated  angular  resolution  in 
azimuth  is  derived: 

2  u  1 

- sin  ♦,  r*  -  —  (61) 

X  T. 

X 

r.  - -  (62) 

2  u  T.  sin 

The  projection  of  this  angular  resolution 
at  the  range  of  the  target  is: 

X  R 

ry  - -  (63) 

2  ii  T,  sin 


During  the  observation  time,  the 
displacement  of  the  radar  is  the  length  of 
the  synthetic  aperture: 


L  -  u  T, 


(64) 


The  variation  o£  attitude  angle  of  the 
target  relative  to  the  radar  is: 
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X 

1  -  — 

r* 

L  u  T.  T 

♦. - - -  (65)  1  -  2  L 

R  R 


(69) 

(70) 


The  resolution  r  can  be  written  as  a 
function  of  : 

X 


The  best  resolution  is  achieved  for  - 
90°  (side-looking  radar).  In  this  case: 

X 

r  -  -  (67) 

2  ♦. 

This  equation  is  identical  to  equation  55. 

SAR  and  ISAR  are  identical.  In  both  cases, 
the  parameter,  which  fixes  the  resolution, 
is  the  variation  of  attitude  angle  of  the 
target,  relative  to  the  radar.  To  change 
from  SAR  to  ISAR  is  only  a  change  of 
reference: 


5.3.  Relations  with  tomography 

It  can  be  shown  that  some  kind  of  ISAR  can 
be  interpreted  as  a  tomographic 
reconstruction  problem  (Ref.  10). 

Computer-aided  tomography  (CAT)  is  a 
technique  for  providing  a  two-  or 
three-dimensional  image  of  an  object 
through  digital  processing  of  many  1-D 
projectional  views  taken  from  different 
look  angles.  It  is  used  is  the  medical 
field  for  imaging  with  X-ray  scanners. 

The  projection-slice  theorem,  that  is  used 
in  this  technique,  can  be  applied  to  ISAR 
processing. 


5.3.1.  Tomography  principle, 
projection-slice  theorem  and  backprojection 
reconstruction  method 


-  Rotation  angle  refered  to  the  radar:  SAR 

-  Rotation  angle  refered  to  the  target: 

ISAR 

We  have  established  this  result, 
considering  a  short  observation  time.  We 
have  limited  the  computations  to  first 
order  developments: 

-  In  SAR  technics,  it  is  the  hypothesis  of 
the  unfocused  SAR.  The  processing  is  the 
same  (Fourier  transform),  whatever  the 
range  of  the  target  is:  it  is  focused  at 
infinite  range. 

-  In  ISAR  technics,  the  equivalent  name 
"unfocused  ISAR”  is  not  usual.  But  the 
principle  is  the  same:  second  and  higher 
order  terms  in  the  variation  of  the  range 
are  neglected. 

For  a  longer  apeture  time,  there  is  a 
difference  between  SAR  and  ISAR: 

-  In  a  pure  ISAR  configuration,  the  range 
between  the  radar  and  the  center  of 
rotation  of  the  target  is  constant. 

-  In  a  SAR  configuration,  this  range  is 
varying  following  a  quadratic  law. 
However,  the  effect  of  this  range 
variation  can  be  compensated  through  an 
appropriate  demodulation  of  the  received 
signal . 


5.2.  Relation  with  the  real  aperture 

For  SAR  and  ISAR,  the  length  of  the 
synthetic  aperture  is: 

l  -  ♦.  R 


Let  er(x,y)  be  the  function  to  map. 

The  measurement  are  made  by  the  mean 
of  several  1-D  projections  on 
different  directions.  The  direction 
of  the  line-of-sight  for  one 
projection  is  ♦.  The  value  of  the 
projection  at  each  range  u  is: 

P*(u)  -  )  o[x(u,v,4),y(u,v,4)]  dv 
A.  (71) 

with  notations  of  figure  1: 

x(u,v,+)  -  u  cos  ♦  -  v  sin  ♦  (72) 

y(u,v, 4)  -  u  sin  ♦  +  v  cos  ♦  (73) 

The  projection  function  has  a 
Fourier  transform: 

-j2nuU 

P*(U)  -  I  p*(u)  e  du  (74) 

''  a* 

The  Fourier  transform  of  the 
projection  function  is  one  slice  of 
the  2-D  Fourier  transform  of  the 
image  o(x,y)  (projection-slice 
theorem) .  The  orientation  of  the 
slice  is  given  by  the  angle  4: 

P*(U)  -  l(u  cos  4,U  sin  4)  (75) 

E(X,Y)  is  linked  to  e(x,y)  by  the 
relation: 


n*«.  -j2n(xX  +  yY) 

e(x,y)  e  dx  dy 

(76) 

o(x,y)  can  be  reconstructed  by  the 
use  of  a  2-D  inverse  Fourier 
transform: 


J2*(xX  ♦  yY) 
e  dx  dY 

(77) 


The  real  aperture  providing  the  same 
resolution  is: 


(68) 


*(*#y) 
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Generaly,  the  reconstruction  is  not 
made  by  the  mean  of  an  inverse 
Courier  transform,  ticause  the  value 
of'J!{X,Y),  in  rectangular 
coordinates  is  not  known.  It  has  to 
be  computed,  using  interpolations. 
Another  method  is  used,  based  on 
filtering  and  backprojection  in 
polar  coordinates. 

The  measurements  are  obtained  in 
polar  coordinate.  Let  us  write 
equation  (77)  as  a  function  of  these 
polar  coordinates: 


X  -  U 
«<x,y) 


T  » 


j  j  E(U  cos  4,U  sin  4) 

j2itU(x  cos  ♦  +  y  sin  ♦  ) 
e  | u |  du  df 

(79) 


c(x 


P+(U) |U|e 


j2nU(x  cos 


♦  +  y  sin  ♦) 
dU  df 
(80) 


<i(x,y). 


The  integral  over  U  is  identified  as 
an  inverse  Fourier  transform  of 
variable  (x  cos  4  +  y  sin  +): 

/IT 

(p*  *  k ] ( x  cos  ♦  +  y  sin  4)  d* 

(81) 


I 


where  k  is  the  inverse  Fourier 
transform  of  |U| . 


The  processing  is  made  of  the 
following  successive  steps: 


.  a  high-pass  filter,  H(f)  -  |U|, 
which  is  producing  a  constrast 
enhancement , 

.  a  sum  for  all  the  values  of  ♦ 


Other  reconstruction  methods  are 
existing  and  are  listed  in  Ref.  12. 


5.3.2.  ISAR  as  a  tomographic  reconstruction 
problem 

we  consider  now  a  radar  which  is 
transmitting  several  continuous 
waves  at  constant  frequencies.  The 
different  frequencies  are  regularly 
spaced  and  can  be  addressed 
simultaneously  or  sequencialy.  This 
type  of  observation  is  repeated  for 
several  values  of  the  angle  of  view 
♦  of  the  target. 

The  signal  received  for  a  given 
frequency  and  a  given  angle  of  view, 
after  demodulation,  is  proportional 
to: 


f+L  j2x  2f/c  u 

s(f,+)  -  I  p*(u)  e  du 

J  “ L  (82) 

where  2  L  is  the  dimension  of  the 
target  along  the  line  of  sight,  and 
Pf(u)  is  defined  by  equation  (71). 

s(f,+)  is  the  Fourier  transform  of 
the  projection  p^(u): 


2  f 

s(f,*)  -  PF(U),  with  U  -  - 

c  (83) 

The  back-projection  algorithm  can  be 

used,  following  equations  (80)  and 

(81): 

.  Multiplication  by  |U| 

.  Inverse  Fourier  transform.  At  this 
step  the  signal  is  compressed  on 
the  range  axis. 

.  Spreading  of  each  point  (amplitude 
and  phase)  of  each  profile  on  a 
line  which  is  orthogonal  to  the 
line  of  sight  of  the  profile,  and 
sum  of  the  resulting  signal  at 
each  point  (x,y). 


6-  EXAMPLE  OF  APPLICATION:  IHAGIHG  Or  SHIPS 
AT  SKA 

6.1.  Hodelisation 

Imaging  of  ships  at  sea  is  a  complex 
application  of  ISAR.  It  is  interesting, 
because  it  is  a  case  where  the 
discriminating  parameters  are  not  only  the 
time  and  the  Doppler  frequency,  but  also 
the  derivative  of  the  Doppler  frequency. 

Figure  4  is  a  geometrical  representation. 
The  radar  is  flying  on-board  an  aircraft, 
at  velocity  u. .  Its  initial  position  is  O 
and  its  average  course  is  along  the  X-axis. 

The  antenna  is  oriented  toward  the  ship, 
defining  an  x-axis.  The  angle  between  X  and 
x  is  the  azimuth  of  the  target,  4. 

The  center  of  rotation  of  the  target  is 
located  initialy  at  point  O'.  Its  velocity 
is  u,  and  its  course  makes  an  angle  a 
relative  to  the  x-axis.  Two  cross-range 
axis  are  defined:  y-axis,  in  the  horizontal 
plan,  orthogonal  to  x,  and  z-axis,  which  is 
the  height. 

We  consider  a  reflecting  point  M  on  the 
ship.  Its  position,  relative  to  O',  is 
(0,  y,  z) . 

The  ship  is  supposed  to  have  sinusoidal 
pitch  and  roll  motions.  The  angular 
velocity  in  pitch  and  roll  are: 

0p  -  «p  sin  (2  it  fp  t  +  ♦,)  (84) 

0,  -  oj,  sin  (2  x  ft  t  ♦  fr)  (84) 

The  Doppler  frequency  of  the  signal 
reflected  by  point  M,  and  its  derivative, 
are: 


2 

fD  -  -• 

X 

(u.sin  ♦  -u.sin  a  +9tz.sin  a  +firx.cos  a)* 


I - t 

R  (86.1) 

u.sin  4  -  u.sin  a 

-  y  (86.2) 

R 


F 

! 
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+  (Cr(t)sin  a  +  2t(t)cos  a)  z  (86.3) 

+  u,cos  4  +  u.cos  a  (86.4) 

+  f0.(t)  )  (86.5) 

The  terms  in  Qe  and  2t  of  equation  (86.1) 
are  negligible. 

fD.  is  the  effect  of  spurious  aircraft 
motion. 

2  (u.sin  4  -  u,sin  a)1 

fD  -  -  { -  (87.1) 

X  R 

+  ( 2r  ( t ) sin  a  +  2t(t)cos  a)  y  }  (87.2) 

+  f„.(t)  (87.3) 

Let  us  give  an  interpretation  of  each  term 
of  equations  (86)  and  (87)  and  explain 
their  interest: 

86.1:  It  is  a  linear  term,  which  does  not 
depend  on  y  and  z.  It  is  identical 
for  each  reflecting  point.  It  brings 
no  discriminating  information.  The 
parameters  u. ,  u, ,  ♦  and  a  can  be 

estimated,  by  the  use  of  tracking  or 
other  method  (Ref.  16).  This  term  is 
eliminated  by  Doppler  compensation. 

86.2:  This  term  is  proportional  to  y.  It 
establishes  the  link  between  the 
Doppler  frequency  and  the  position  of 
the  reflecting  point  in  azimuth.  It 
is  depending  only  on  the  displacement 
of  the  aircraft.  It  is  in  fact  a  SAR 
effect. 

86.3:  This  term  is  proportional  to  z.  It 
establishes  the  link  between  the 
Doppler  frequency  and  the  position  of 
the  reflecting  point  in  height.  It  is 
depending  on  the  rotation  of  the 
ship,  it  is  an  ISAR  effect. 

86.4:  This  term  is  proportional  to  the 

velocity  of  the  ship  relative  to  the 
aircraft.  It  brings  no  discriminating 
information.  It  is  eliminated  by  the 
same  way  than  (86.1). 


86.5:  The  spurious  Doppler  frequency  due  to 
aircraft  motion  is  supposed  to  be 
sufficiently  small  to  have  no 
coupling  effect  with  other  terms.  It 
is  evaluated  by  inertial  means,  to 
allow  a  compensation  of  Doppler 
frequency  before  any  further 
processing. 

Equation  (86)  could  permit  to  resolve  the 
ambiguity  between  y  and  z,  if  the  aperture 
time  is  sufficiently  large.  But  this  also 
can  be  done,  considering  equation  (87),  in 
which  only  z  is  mentioned: 

87.1:  It  is  a  constant  Doppler  acceleration 
term,  which  is  identical  for  every 
reflecting  points.  It  is  eliminated 
by  the  same  way  than  term  (86.1). 

87.2:  This  term  is  proportional  to  z.  It 
allows  the  measurement  of  z. 

87.3:  Effect  of  aircraft  spurious  motion, 
which  is  corrected  by  the  same  way 
than  term  (86.5) . 

To  simplify  the  problem,  we  make  an 
additional  hypothesis:  The  ship  has  only  a 
roll  motion,  and  ♦,  -  0.  After  correction 
of  non  discriminating  terms,  equations  (86) 
and  (87)  become: 


2  u.sin  ♦  -  u.sin  a 


+  »»r  sin(2sfrt)  sin  as)  (88) 

2 

fD  -  -  «*r  cos(2«ftt)  sin  a  s  (89) 

X 

We  come  here  to  a  fundamental  property  of 

ISAR  applied  to  ship  imaging  (figure  5): 

-  The  Doppler  frequency  is  a  sinusoidal 
function.  The  average  value  of  the 
function  is  proportional  to  the  azimuth 
of  the  reflecting  point.  The  amplitude  of 
variation  is  proportional  to  the  height 
of  the  reflecting  point.  The  use  of  a 
time-frequency  transform  is  very 
interesting  to  visualise  the  evolution  of 
the  Doppler  frequency  of  each  scatterer 
during  the  observation  time.  It  can  be 
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either  a  wavelet  transform  (Ref.  17.)  or 
a  wigner-Ville  transform  (Ref.  12). 

-  The  derivative  of  the  Doppler  frequency 
is  a  sinusoidal  function,  centered  on 
zero.  Its  amplitude  is  proportional  to 
the  height  of  the  reflecting  point. 


Example: 

X  -  3  cm  (X-band) 
u,  -  150  m/s 
r  -  100  km 
+  -  90° 


6.2.  Characteristics  of  the  image 

If  we  realize  the  filter  described  by 
equation  (31),  the  resolutions  in  azimuth 
and  height  can  be  estimated  using  equations 
(37)  and  (44),  (88)  and  (89). 

The  best  result  will  be  obtained  around 
t-0.  At  this  time,  the  Doppler  frequency  in 
equation  (88)  is  due  only  to  y  (the  term  in 
z  is  null).  Considering  u„>>u,  (velocity  of 
the  aircraft  greater  than  the  velocity  of 
the  ship)  the  resolution  in  azimuth  is: 

X  R 


•f?  X  R 

-  (91) 

2 n  T,  u,  sin  ♦ 


«r  -  3°/s 
T.  -  1,5  s 
a  -  45® 

Resolution  in  azimuth:  ry  -  5,2  m 

Resolution  in  height:  r,  -  1  m 

Taking  into  account  all  the  approximations 
that  have  been  done  to  come  to  this  result, 
these  values  are  to  be  considered  only  as 
orders  of  magnitude. 

The  resolution  in  azimuth  is  not  so  good 
than  the  resolution  in  height,  because  it 
is  proportional  to  the  range.  At  far  range, 
it  is  useless  to  try  to  have  an  exploitable 
top-view  of  a  ship. 


Considering  the  height,  starting  from 
equation  (89),  at  first  order  we  can  write: 


f„  -  -  «t  sin  a  z  (92) 

X 


7-  SPURIOUS  EFTECTS 

The  spurious  effects  are  identical  to 
spurious  effect  in  SAR,  but  interpretation 
can  be  different.  The  most  important  are 
listed  hereafter. 


2 

cto  -  -  “t  sin  «  r« 
X 


7.1.  Range-cell  migration 

7.1.1.  Description 


S'TT 

s  T,» 


(94) 


Due  to  its  rotation  relative  to  the 
radar,  the  aspect  of  the  target  is 
changing  during  the  aperture  time. 


4‘f5’  X 

x  sin  a 


(95) 


The  range  of  each  reflector  is 
changing,  providing  the  Doppler 
effect.  If  the  change  of  range 
becomes  greater  than  the  range 


resolution  (or  the  range-cell),  the 
reflector  does  not  appear  any  more 
as  a  point  scatterer  on  the  inage. 
There  is  a  degradation  of  the  range 
resolution. 

Furthermore,  the  processing  is  most 
of  the  tine  organized  in  two 
successive  steps: 

.  First  step:  range  processing, 
performing  a  natched  filtering  on 
a  short  time. 

.  Second  step:  Cross-range 
processing,  performing  a  further 
matching  on  a  long  time.  This 
processing  is  usualy  made  on 
signals  at  constant  range  of  the 
radar,  that  is  to  say, 
independantly  for  each  range  cell. 

If  there  is  a  migration  of  the  echo, 
greater  than  the  range  resolution 
cell,  the  processing  in  cross-range 
is  mismatched.  The  aperture  time  is 
reduced  to  the  time  of  presence  of 
the  echo  in  one  range  cell.  The 
resolution  in  cross-range  is 
degraded. 

7.1.2.  Compensation  methods 

To  compensate  for  this  effect,  the 
principle  is  to  perform  the 
cross-range  processing  at  variable 
ranges.  There  are  two  possibilities: 

.  to  shift,  in  time,  the  received 
signal, 

.  to  shift,  in  time,  the  impulse 
response  of  the  cross-range 
matched  filter. 

The  main  problem  is  that  the 
range-cell  migration  is  not  the  same 
for  every  scatterer.  It  is 
proportional  to  the  distance  between 
the  scattering  point  and  the  center 
of  rotation,  that  is  to  say,  to  its 
Doppler  frequency. 


7.2.  Unknown  radar  and  target  motions 

7.2.1.  Nodelization 

The  modelization  is  made  for  the 
basic  case  of  ISAR:  Short  aperture 
time,  developments  limited  to  first 
order. 

The  signal  received  from  a  point 
reflector  is: 

j4(t)  j2nf„t 

sr(t)  -  s(t)  e  e  (96) 

where  +(t)  is  the  phase  generated  by 
unknown  spurious  motion. 

The  output  of  the  matched  filtering 
is  deduced  from  equation  (31): 

/-♦-  j*(t)  j2nft 

X(T,f)  -  s(t)  s* ( t— x )  e  e  dt 
J  (97) 


If  s(t)  is  supposed  to  be  a  signal 
of  constant  amplitude  and  frequency 
during  the  aperture  time,  then 
equation  (97)  can  be  considered  as 
the  Fourier  transform  of: 

j4(t) 

e  (98) 

It  is  usual,  in  the  study  of 
spurious  aircra-t  motion  for  SAR 
processing,  to  distinguish  low 
frequency  motion  and  high  frequency 
motion. 


7.2.2.  Low  frequency  motions 

Two  main  situation  can  happen: 

.  Error  on  the  rotation  rate 
It  is  evident,  from  equation  (52), 
and  without  making  any  computation, 
that  this  error  will  modify  the 
scale  factor  on  the  cross-range 
axis . 

If  the  value  of  the  rotation  rate  is 
not  known,  the  scale  factor  is 
anyhow  unknown  to. 

.  Slow  variation  of  the  rotation 
rate.  This  will  cause  a  change  of 
the  value  of  the  Doppler  frequency 
during  the  aperture  time.  We  can 
make  the  hypothesis  of  a  linear 
variation.  It  is  equivalent  to 
introduce  a  quadratic  phase  shift. 

The  result  is  a  degradation  of  the 
cross-range  resolution. 

w(t)  -  ug  +  k^t  (99) 

Sb> 

ku  -  —  (100) 

T. 

The  corresponding  variation  of 
Doppler  frequency  during  the 
aperture  time  is: 

2  6w  y 

Sf  - -  (101) 

X 

A  good  approximation  is  to  consider 
that  the  linear  variation  of  the 
frequency,  it,  provides  a  widening 
of  the  peak,  at  the  output  of  the 
Fourier  transform,  according  to  the 
expression: 


rfD  -  (  rfD0’  +  5f *  )1/J  (102) 

<  y! 

rfD  “  (  rfB#»  + -  )  (103) 

XJ 

2  («’  yJ 

r,  -  <  ry0»  + - )»/J  (104) 


7.2.3.  High  frequency  motions 

It  is  the  domain  of  periodic  motion, 
having  several  periods  during  the 
aperture  time:  Vibrations. 
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A  reflector  can  have  a  vibration 
action  on  the  target.  For  example, 
on  a  ship,  objects  located  on  the 
aast  are  vibrating  with  frequencies 
depending  on  the  natural  frequencies 
of  the  aast  and  the  engines. 

The  spurious  motion  on  the  range 
axis  is: 

x(t)  -  x0  sin  (2  x  f,  t)  (105) 

The  spurious  phase  is: 

4  n 

♦  (t)  - - x0  sin  (2  x  f,  t)  (106) 

X 

Writing  (106)  in  equation  (97),  it 
comes: 

f*m  4xx0  j2xft 

X(0,f)«  j  exp( j -  sin( 2af.t ) )  e  dt 

X  (107) 

2nx0 

X(0,f)~  8(f)  + - (8(f-f.)  +  5(f+f,)l 

X  (108) 

The  usefull  echo  is  bordered  with 
two  side-lobes,  located  at  Doppler 
frequencies  f.  and  -fB  (figure  6). 

The  position  of  the  false  echos  is: 

X  f. 

y  _  +/ -  (109) 

2  u 

The  level  of  these  echos  1st 

2  K  x 

|x<0ff,,)|  - - (110) 

X 

(with  | X( 0 , 0 ) |  -  1,  level  of  the 
peak ) 


7.2.4.  Random  motions 

Random  motions  is  a  generalization 
of  high  frequency  motions.  Instead 
of  one  vibration  frequency,  there  is 
a  complete  spectrum,  creating  a 
continuous  level  of  side-lobes. 

x(t)  is  the  spurious  displacement, 

X2  is  the  variance  of  x. 

The  spurious  phase  is: 

4  x 

♦(t)  -  -  x ( t )  (111) 

X 

The  variance  of  the  phase  of  the 
spurious  signal  is: 

4  x 

♦  2  _  ( - )J  x2  (112) 

X 


The  output  of  the  processing  filter 
is: 


f  7  j ( 2xft  +  ♦( t) ] 

,f)  -  J  e  dt  (113) 

* 

f*  j [ 2nfu  +  ♦  (u) 

1.* 


X(0 
I  X(  0 ,  f )  1 2 


J 


$  -  j  [  2xfv  +  4(v)  ] 
e  dv 

(114) 


IX(0,f ) | 2 

Variable  change: 


j[ ♦(u)-4( v) 1  -j2xf (v-u) 
e  e  du  dv 


(115) 


w  -  v-u  (116) 

fj[+(u)-4(w+u)]  - j2xfw 

e  du  e  dw 

I*  (117) 


-  fm 


y  = 


Xim 

2(0 


fm 


y  = 


Urn 

2(0 


Doppler  Frequency 
Cross  -  Range  axis 


Figure  6:  Side-lobes  due  to  vibrations  of 
the  target  or  the  radar 
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♦(u)-4(w+u) ] 
du 


L 


l+j[*(u)-4(w+u) ] 

[♦(u)-4(w+u) ]2 

- -  du 

2  (118) 


IX<0,f ) | * 
with: 


-  T.  -  T,  42  +  R**( w) 

(119) 

-  T,8(f)  -T,42  5(f)  +  S*(f) 

(120) 


(*“  -j2nfw 

S+(f)  -  R++(w)  e  dw  (121) 

/-  oo 

The  average  power  of  signal  at  the 
ouput  of  the  processing  is: 


E( | X( 0 f f ) ( 2 )  -  T„5(f)  -T.426(f)  +  E(S*(f)l 

(121) 

*2 

E(|X(0,f)|2)  -  T.  <1-*2)  8(f)  +  — 

B0(  (122) 

The  peak-to-sidelobe  ratio  is: 


4  k  1 

S/L  -  ( - )2  X2 -  (123) 

*  ®Df  T. 


7.3.  Spectral  purity  of  the  radar 

7.3.1.  Modelization 

The  effect  of  local  oscillator 
( L.o. )  instability  is  identical  to 
the  effect  of  spurious  radar  and 
target  motions: 


Figure  7:  Transmission/Reception 
bloc-diagram 


7.3.2.  Effect  of  local  oscillator  phase 
noise 


The  same  calculation  than  in 
paragraph  7.2.4.  provides  the 
average  peak-to-sidelobe  ratio: 


4  sin2(KfTt)  £(f)  df 


S/L  -  2 


(127) 
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1.  SUMMARY 

SAR  systems  as  considered  in  these  lectures 
are  fully  coherent,  and  are  characterized  by 
large  time/bandwidth  signal  structure  in 
both  range  and  azimuth.  These  properties 
allow  additional  and  specialized  perfor¬ 
mance  to  be  achieved  through  innovative 
system  variations. 

Using  one  signal  sequence ,  resolution  may 
be  improved  in  azimuth  through  increased 
target  Doppler  bandwidth.  Broad  beam 
and  Spotlight  SAR  are  techniques  used. 
For  the  Spotlight  mode,  high  resolution  in 
azimuth  is  achieved  at  the  expense  of  image 
size,  so  that  the  Stretch  range  bandwidth 
reduction  technique  is  useful  to  allow 
increased  resolution  in  both  dimensions.  A 
subset  of  these  methods  is  the  Squint  mode, 
whereby  the  side-looking  antenna  is  pointed 
forward  (or  aft)  of  the  zero-Doppler  direc¬ 
tion,  leading  to  increased  complexity  for 
image  processing.  Wave  domain  or  polar 
format  techniques  are  required. 

The  requirements,  capabilities,  and  limi¬ 
tations  of  single  beam  moving  target 
indication  (MTI)  for  a  SAR  are  reviewed. 
Special  processing  for  multi-look  SARs  to 
enhance  SAR  ocean  wave  imagery  contrast 
and  directional  spectral  estimation  is 
highlighted. 

Since  the  SAR  signal  is  coherent,  signal 
phase  comparison  is  possible  between  pairs 
of  signals.  For  spatial  separation  of  the 
signal  pair,  interferometric  signal  combina- 

°  Canadian  Crown  Copyright 


tion  leads  to  the  possibility  of  terrain 
height  estimation,  with  a  precision  on  the 
order  of  the  system  resolution.  Differential 
interferometric  techniques  allow  obser¬ 
vation  of  changes  in  the  scene  on  the  order 
of  the  radar  wavelength.  For  time  separa¬ 
tion  of  the  signal  pair,  the  full  potential  of 
SAR  MTI  may  be  realized.  Implementa- 
♦ion  in  the  time  domain  and  in  the 
frequency  domain  is  described.  Airborne 
versus  spacebome  constraints  are  com¬ 
pared.  The  principle  of  conservation  of 
energy  of  moving  targets  is  presented,  and 
used  to  estimate  target  velocity. 


2.  INTRODUCTION 

The  special  techniques  considered  in  this 
lecture  depend  upon  the  coherent  charac¬ 
teristics  of  SAR  signals,  and  often  of 
greater  importance,  on  coherence  properties 
encountered  in  the  complex  image  domain. 
This  section  introduces  the  main  concepts. 

2.1.  Coherent  Signal  Structure 

Signals  encountered  in  SAR  analysis  have 
phase  as  their  most  important  attribute,  and 
thus  must  be  coherent  over  each  sequence 
of  received  samples.  Coherence  in  the 
azimuth  dimension  may  be  exploited  to 
achieve  remarkably  good  resolution,  and 
may  be  used  for  special  techniques  as  well. 
The  classic  treatment  of  SAR  analysis  is 
that  of  Harger  [1],  who  makes  the  usual 
assumption  for  most  of  his  treatment  that 
the  two  SAR  dimensions,  range  and  azi¬ 
muth,  are  uncoupled,  and  that  the  antenna 
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beam  is  so  narrow  that  range  curvature  is 
not  an  important  consideration. 

For  most  advanced  techniques,  detailed 
treatment  of  two-dimensional  coupling  must 
be  included  in  the  model.  One  such  analy¬ 
sis  may  be  found  in  [2],  which  is  based  on 
the  generic  signal  received  from  a  point 
scatterer  as  observed  in  a  wide  beam  geo¬ 
metry.  In  studying  the  azimuth  resolution 
capability,  looking  at  the  Doppler  proper¬ 
ties,  or  analyzing  methods  of  preserving 
phase  in  the  derived  (complex)  image 
space,  an  expression  for  the  range  signal, 
azimuth  image  domain  is  essential.  Such  an 
expression  opens  our  review  of  special 
topics. 

Consider  a  large  time-bandwidth  signal 
ss(xy)  from  a  scatterer  at  (x=0,  y=Rn) 
observed  in  signal  space  ( x  azimuth,  and  y 
range)  having  wavenumber  k=2n/X,  and 
two-dimensional  pulse  envelope 
a[xy  -  /?„(*)]  according  to 


ss(x,y)  -  a[x,y-Rn(x)] 

•  expl  -jlkRn(x) }  expj  -jb[y  -  Rn(x)]2 } 

(1) 


of  the  signal  is  given  by 
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The  key  result  is  the  generalized  Doppler 
domain  expression  of  Eq.  4,  derived  in  [2]. 


where 

*.(*)-/?+**  • 

Then  the  azimuth  Fourier  transform 
Ssfu^.y) 

-  fss(x,y)  exp{-y  u^}  dx 


Range  curvature  refers  primarily  to  the 
range/azimuth  coupling  found  in  the  range 
delay  term  of  the  envelope  of  Eq.  1  and  the 
locus  of  Eq.  5  in  the  Doppler  domain  of 
Eq.  4.  This  coupling  is  itself  range  depen¬ 
dent.  (This  little  subtlety  is  at  the  heart  of 
processor  design  for  this  class  of  imaging 
systems.)  Doppler  properties  are  set  by  the 
width  and  angular  position  of  the  envelope, 
both  of  which  are  range  dependent. 

Whether  or  not  significant  range  curvature 
is  present,  the  signal  expression  may  be 
transformed  and  processed  to  derive  an 
image.  In  its  most  fundamental  form  the 
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image  is  complex,  having  a  phase  structure 
that  may  be  exploited  for  certain  applica¬ 
tions.  Ideally,  the  complex  image  is  simply 
a  linear  transformation  of  the  input  signal, 
and  has  no  phase  errors  introduced  by  oper¬ 
ations  in  the  processor.  (Note  that  very  few 
SAR  processors  in  use  today  satisfy  this 
objective.)  Selected  advantages  of  the 
complex  image  domain  for  calibration 
purposes  are  explored  in  [3].  Consider¬ 
ations  essential  to  arriving  at  a  complex 
image  with  robust  phase  is  considered 
further  in  section  2.3  below. 

2.2.  Comments  on  Resolution 

A  nice  discussion  of  resolution  restraints  for 
a  SAR  may  be  found  in  [1].  For  the  pre¬ 
sent  purposes,  we  highlight  the  central 
result,  presented  in  a  form  rather  more 
general  than  that  usually  found  in  the 
literature.  Resolution  is  generally  (but 
loosely)  defined  as  the  width  of  the  "point 
spread  function",  the  "Green’s  function",  or 
the  "impulse  response  function",  depending 
on  whether  one  has  an  optics,  a  physics,  or 
an  electronic  systems  background.  More 
properly,  "resolution"  refers  to  the  ability  of 
a  system  to  differentiate  two  image  features 
corresponding  to  two  closely  spaced  small 
objects  in  the  illuminated  scene  when  the 
brightnesses  of  the  two  objects  in  question 
are  comparable  (according  to  Lord  Ray¬ 
leigh  [1879]). 

A  SAR  is  distinguished  due  to  its  ability  to 
achieve  "high  resolution"  (by  which  is 
meant,  small  response  function  width,  and 
therefore  "good”)  in  the  azimuth  direction, 
which  is  parallel  to  the  sensor  platform 
velocity  vector. 

General  case:  It  follows  from  Eq.  4  that 
azimuth  resolution  is  determined  only  by 
the  wavelength  and  the  span  of  angles  over 
which  the  object  is  viewed.  For  a  moving 


platform,  these  are  sufficient  to  establish 
the  Doppler  bandwidth  of  the  signal.  The 
class  of  sensors  includes  SAR,  certain 
SONAR  devices,  Spotlight  SAR,  tomogra¬ 
phy,  inverse  SAR  as  used  for  imaging  Earth 
satellite  and  nearby  planets,  etc.  The 
azimuth  resolution  is  given  by  the  inverse 
(spatial)  bandwidth,  which  leads  to 


*  2  (sin  p,  +  sinp2) 


where  the  angles  of  observation  are  defined 
in  Figure  1. 


Figure  1.  Geometry  of  viewing  angles, 
general  case. 


Extremum:  The  minimum  (limiting  best  or 
finest)  resolution  is  obtained  for  an  effec¬ 
tive  field  of  view  of  180°.  The  limiting 
value  is  readily  seen  to  be 

^  P«  -  4  (8) 

P5,P2-90°  4 

which  might  seem  unrealistic.  However,  it 
should  be  noted  that  results  approaching 
this  value  have  been  achieved  in  certain 
applications  such  as  active  seismics. 
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SAR  Application:  For  a  SAR,  the  subten¬ 
ded  angles  of  view  are  generally  very  small, 
and,  furthermore,  are  oriented  nominally  at 
right  angles  to  the  velocity  vector  of  the 
sensor.  In  this  case  the  small  angle  sine 
approximation  applies,  and  one  obtains 


(9) 


where  the  angle  expresses  the  total  effective 
viewing  angle.  It  should  be  noted  for 
satellite  radar  systems,  where  one  should 
account  for  the  sphericity  of  the  viewing 
geometry  [4],  that 
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which  expresses  the  fact  that  the  angle  over 
which  the  object  is  viewed  in  a  satellite 
setting  is  increased  over  the  azimuth  (free 
space)  beamwidth  of  the  antenna  pattern 
due  to  the  rotation  of  the  spacecraft  as  it 
progresses  along  its  orbit.  (The  parameters 
Vs/C  and  VBeam  refer  to  the  velocity  of  the 
spacecraft  along  its  orbit,  and  the  velocity 
of  the  antenna  beam  footprint  over  the 
surface  of  the  Earth,  respectively.)  Note 
that  in  virtually  all  available  literature  this 
factor  is  not  included. 

A  common  approximation,  familiar  to  SAR 
people,  is  that 
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where  Dh  is  the  (azimuth)  aperture  size  of 
the  antenna.  Thus,  from  Eq.  3,  we  reach 
the  famous  representation 


dh 

psa*k  ~  Y 


(12) 


in  which  there  is  no  dependence  on  range 
or  wavelength!  This  is  a  fundamental 
characteristic  of  SAR  systems,  and  makes 
them  well  suited  to  spacecraft  platforms. 
NB:  The  magnitude  of  expression  of  Eq.  12 
is  an  approximation  only,  as  it  violates  the 
correct  diffraction  limited  result  that  follows 
from  Eq.  7,  and  it  does  not  account  for  the 
benefits  of  orbital  geometry.  It  is  this 
subtlety  that  justifies  revisiting  SAR  reso¬ 
lution  in  this  lecture.  Although  the  best 
known  of  the  "SAR  facts"  to  be  found  in  the 
open  literature,  Eq.  12  remains  an  unaccep¬ 
table  approximation  for  many  space  based 
SAR  considerations. 

2.3.  Comments  on  Processing 

Means  of  handling  the  coupling  in  the  con¬ 
text  of  range  curvature  correction  in  a  SAR 
processor  are  well  reviewed  by  Bamler  [5]. 
The  several  cases  discussed  in  that  refer¬ 
ence  differ  primarily  by  the  method  and 
scope  of  approximations  employed.  The 
consequence  of  most  limitations  used  to 
date  is  to  restrict  applicability  of  any  given 
method  to  narrow  beamwidth  around  zero 
Doppler  offset,  or  to  narrow  beamwidth 
about  a  given  Doppler  offset.  Implemen¬ 
tation  of  several  traditional  techniques  is 
covered  more  extensively  in  [6]. 

For  phase  sensitive  applications,  particularly 
as  encountered  in  interferometry  (see  sec¬ 
tion  4  below),  requirements  on  phase 
precision  in  the  derived  complex  image 
surpasses  the  ability  of  most  traditional 
processing  algorithms.  In  response,  Caf- 
forio,  Prati,  and  Rocca  [7]  introduced 
seismic  wave  domain  techniques  to  the  field 
of  radar.  In  the  context  of  seismic  inversion 
problems,  typically  characterized  by  rather 
large  angular  fields  of  view,  and  hence 
severe  range/azimuth  signal  coupling,  Stolt 
[8]  had  developed  an  effective  change  of 
variables  in  the  two-dimensional  frequency 
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domain.  A  practical  difficulty  is  that  the 
Stolt  change  of  variables  requires  an  inter¬ 
polator  for  its  implementation,  which  leads 
to  increased  cost  and  decreased  precision 
impacting  particularly  phase  fidelity  in  the 
complex  image.  Improvements  have  been 
demonstrated  (e.g.,  [9]),  although  until 
recently  interpolators  are  still  required. 
The  main  difficulty  arises  from  the  range 
dependence  of  the  range  curvature  para¬ 
meter,  a  quantity  not  available  in  the  two- 
dimensional  frequency  or  "wave-number" 
domain. 

For  phase  precision,  it  is  desirable  to  be 
able  to  cope  with  large  angular  field  and 
range  depth  without  the  need  for  an  inter¬ 
polator.  There  have  now  been  processors 
demonstrated  that  satisfy  this  objective 
([10],  [11],  and  [12]).  In  future,  the 
coherent  structure  inherent  to  the  complex 
image  of  SAR  and  related  system  data  sets 
should  not  be  limited  by  processor  fidelity. 
The  remainder  of  this  lecture  assumes  that 
complex  image  data  is  available  with  suf¬ 
ficient  phase  accuracy  to  satisfy  processing 
requirements. 


3.  ONE  SIGNAL  SEQUENCE 

Specialized  systems  have  been  demonstrat¬ 
ed  that  depend  on  coherent  properties  of  a 
single  sequence  of  signals  in  order  to  im¬ 
prove  resolution,  or  to  derive  information 
about  moving  targets. 

3.1.  Squint  Mode 

In  many  applications,  particularly  for  tact¬ 
ical  systems,  it  is  desirable  for  the  radar  to 
look  forward  (or  aft)  of  the  zero  Doppler 
plane  by  a  significant  amount.  The  at¬ 
tainable  azimuth  resolution  for  such  a 
"squint  mode"  SAR  follows  from  Eq.  7  and 
Figure  1.  With  suitable  processing,  azimuth 


resolution  may  be  maintained  to  within 
about  a  factor  of  two  over  "perfect"  side¬ 
looking  SAR  resolution  out  to  squint  angles 
on  the  order  of  45°,  and  certain  systems 
support  squint  up  to  80°  and  more. 

In  squint  mode  geometry,  since  the  range 
and  azimuth  coordinate  systems  are  no 
longer  orthogonal,  targets  appear  to  move 
through  many  range  resolution  cells  during 
their  time  of  radar  illumination.  For 
narrow  beam  systems,  this  "range  walk"  may 
usually  be  approximated  by  a  linear  phase 
term.  Processing  adapted  to  squint  mode 
radars  is  covered  in  [6]  usually  implemented 
digitally  using  interpolation.  A  more  recent 
wave  domain  contribution  described  in  [9] 
has  been  demonstrated  at  squint  angles  in 
excess  of  45°. 

A  second  complexity  arises  in  squint  mode 
geometry.  Recall  that  the  radar  is  a 
sampled  system  in  the  azimuth  dimension. 
According  to  the  Nyquist  sampling  criterion 
(see,  for  example,  [1]),  the  Doppler 
spectrum  of  the  signal  sequence  must  be 
sampled  with  sufficiently  high  radar  pulse 
repetition  frequency  ( PRF)  so  that  spectral 
aliases,  or  ambiguities,  are  avoided.  The 
mean  Doppler  frequency  is  set  by  the  squint 
angle  of  the  antenna  according  to  the  terms 
of  Eq.  7.  It  is  in  general  not  desirable  to 
increase  the  PRF  in  proportion  to  squint, 
since  that  would  reduce  the  unambiguous 
range  interval  available  to  the  system. 

Fortunately,  the  bandpass  version  of  the 
Nyquist  sampling  theorem  applies,  so  that 
the  PRF  must  be  greater  than  only  the 
Doppler  bandwidth  of  the  signal  sequence. 
This  leaves  open  the  question  of  estimating 
the  Doppler  centroid  which  may  be  many 
times  larger  than  the  PRF,  a  common 
challenge  in  most  SAR  systems.  (Doppler 
centroid  estimation  is  covered  in  another 
lecture  in  this  series.) 
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3.2.  Spotlight  Mode 

If  one  attempts  to  sharpen  azimuth  resolu¬ 
tion  in  a  conventional  SAR,  either  in  a 
squint  or  side  looking  mode,  a  smaller 
azimuth  antenna  aperture  must  be  used. 
This  is  the  "ground  rule"  for  any  strip 
mapping  mode  SAR.  Unfortunately,  the 
effective  gain  of  the  antenna  is  reduced  by 
the  square  of  its  aperture,  so  a  severe  and 
usually  unacceptable  penalty  must  be  paid 
to  push  the  antenna  aperture  to  very  small 
dimensions. 

The  fundamental  resolution  expression  of 
Eq.  7  may  be  exploited  in  another  way, 
however.  Resolution  for  a  given  illumi¬ 
nated  region  is  determined  primarily  by  the 
set  of  angles  over  which  the  data  sequence 
is  gathered.  A  Spotlight  SAR  is  designed  to 
observe  a  selected  patch  of  terrain  with 
dynamic  angular  pointing  of  the  antenna 
pattern  steered  so  as  to  maintain  illumi¬ 
nation  of  the  desired  area  as  the  sensor 
passes  by.  Azimuth  resolution  much  small¬ 
er  than  the  antenna  half-aperture  may  be 
achieved  for  one  area,  with  the  trade-off 
being  that  other  adjacent  areas  are  not 
imaged  at  all. 

Antenna  size  for  a  Spotlight  SAR  is  gov¬ 
erned  by  the  desired  size  of  illuminated 
area,  and  by  the  required  signal-to-noise 
ratio  of  the  received  signal  sequence.  Both 
of  these  objectives  are  range  dependant, 
leading  to  larger  antenna  size  for  larger 
ranges,  all  else  equal.  Phased  array  anten¬ 
na  technology  is  highly  desirable  for  such 
systems,  although  impressive  performance 
may  be  obtained  with  rather  modest  scan 
angles.  For  example,  from  Eq.  7,  one  may 
find  that  resolutions  on  the  order  of  only  5 
times  the  wavelength  (15  cm  at  X-band) 
may  be  achieved  with  an  illumination  angle 
of  about  3°  (in  the  nominally  side-looking 
Spotlight  geometry).  For  an  N-look  image, 


proportionally  more  Doppler  bandwidth 
must  be  obtained. 

Processing  for  Spotlight  SARs  tends  to  be 
specifically  designed  for  the  task.  A  so- 
called  "polar  format"  is  often  employed  [13]. 
This  had  its  roots  in  the  days  of  optical 
processing,  and  creates  a  data  format  ana¬ 
logous  to  the  polar  coordinate  system  in 
which  the  Spotlight  SAR  naturally  observes 
its  target.  The  first  unclassified  work  on  the 
subject  was  [13],  and  an  interesting  inter¬ 
pretation  may  be  found  in  [14].  Treatment 
of  Spotlight  SAR  in  the  general  context  of 
SAR  processing  is  included  in  [6].  Modern 
systems  use  on-board  real  time  processing. 

3.3.  The  Stretch  Technique 

Having  achieved  very  fine  azimuth  resolu¬ 
tion  through  the  Spotlight  technique,  it  is 
natural  to  seek  comparable  resolution  in 
the  range  direction.  This  is  not  easily  done 
by  direct  means.  For  example,  for  15  cm 
range  resolution  (symmetrical  with  the  azi¬ 
muth  example  above),  the  range  bandwidth 
required  is  on  the  order  of  1  GHz.  It  is 
desirable  to  maintain  fine  range  resolution 
without  paying  such  a  penalty. 

In  the  early  1970’s  the  "stretch"  technique 
was  demonstrated  [15].  For  a  linear  fre¬ 
quency  modulated  (linear  fm)  signal,  de¬ 
modulation  of  the  received  signal  by  a 
delayed  replica  of  the  original  results  in  a 
difference  signal  of  constant  frequency. 
The  frequency  is  proportional  to  the 
relative  delay  of  the  received  and  reference 
signals.  Useful  results  occur  only  when  the 
signals  overlap  substantially. 

Stretch  is  perfect  for  the  Spotlight  appli¬ 
cation.  It  reduces  the  bandwidth  require¬ 
ments  needed  for  all  portions  of  the  system 
following  demodulation.  It  does  this  by  a 
trade-off  between  range  and  bandwidth,  a 
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convenient  consequence  of  the  linear  fm 
waveform.  It  is  thus  restricted  to  scenes 
with  relatively  small  range  extent,  which  fits 
the  Spotlight  requirement.  Stretch  modula¬ 
tion  applied  to  the  Spotlight  SAR  case  is 
described  by  Walker  in  [13]. 

3.4.  MTI 

An  ability  for  moving  target  indication 
(MTI)  has  been  for  many  years  an  objective 
of  both  strategic  and  tactical  radar  systems. 
It  is  of  interest  to  explore  the  ability  of  a 
SAR  in  this  application.  Early  work  in  this 
area  may  be  found  in  [1],  and  especially 
[16],  both  of  which  are  restricted  to  rates 
rather  small  compared,  to  that  of  the  radar 
platform.  For  larger  motions,  the  problem 
rapidly  gets  more  complicated  [17]. 

Attempting  to  simultaneously  achieve  both 
fine  spatial  resolution  and  spectral  reso¬ 
lution  flies  in  the  face  of  physical  principals 
(e.g.  [18]).  The  general  formulation  of  this 
principle  is  through  the  ambiguity  function. 
These  fundamental  limits  apply  to  the  con¬ 
ventional  SAR  configuration,  suggested  in 
Figure  2. 


presence  of  a  moving  target.  (Two 
ambiguities  explicitly  shown.) 


The  solid  lines  in  the  figure  represent  the 
(two-way)  power  profile  of  stationary  scat- 
terer  return  as  limited  by  the  azimuth  pat¬ 
tern  of  the  radar  antenna.  The  zero  order 
Doppler  response  is  shown  together  with 
two  of  the  ambiguous  spectra  each  centered 
on  a  multiple  of  the  PRF.  The  width  of  the 
clutter  spectrum  is  Ba  =  2f3V/\,  where  /3  is 
the  two-way  half-power  angular  width  of  the 
antenna  pattern,  and  V  is  the  radar  vehicle 
speed. 

The  dotted  lines  represent  the  envelope 
returned  from  a  single  target  having  radial 
velocity  v  with  respect  to  the  radar  line  of 
sight,  leading  to  a  Doppler  frequency  shift 
2v/\  which  appears  as  an  additional  phase 
term  (normalized  to  azimuth  spatial  fre¬ 
quency  by  V1)  in  Eq.  4.  (This  may  be 
derived  from  from  Eq.  1  by  using 
R„=>R„+vt.) 

We  are  interested  in  describing  the  way  a 
slowly  moving  target  appears  in  a  SAR 
image,  and  in  the  possibility  of  detection  of 
moving  targets. 

For  a  SAR,  the  small  (coherent)  radial 
velocity  component  of  a  scatterer  leads  to  a 
shift  Ax  in  the  mapped  azimuth  position  of 
its  image.  This  is  a  natural  consequence  of 
the  fact  that  the  azimuth  coordinate  system 
is  derived  from  Doppler  information,  and 
the  processor  has  no  way  of  knowing  thru 
the  target  itself  might  have  a  Doppler  com¬ 
ponent.  For  the  aircraft  case  [16],  this 
argument  leads  to  Ax  =  Rm  v/V.  Since  the 
range  to  a  scatterer  is  relatively  large,  there 
is  often  a  shift  in  scatterer  position  many 
times  the  azimuth  resolution.  However,  un¬ 
less  there  are  tell-tale  signs  of  where  the 
object  should  be  located  (such  as  the  wake 
of  a  ship),  it  is  impossible  to  identify  the 
return  as  being  associated  with  a  moving 
target.  This  is  an  example  of  the  spatial- 
Doppler  ambiguity  inherent  in  the  problem. 
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In  order  for  a  signal  to  be  detected  as 
moving,  its  Doppler  shift  (see  Figure  2) 
must  be  greater  than  the  Doppler  band¬ 
width  of  the  return  from  stationary 
scatterers,  which,  for  satellite  SARs,  may  be 
many  km/h.  Furthermore,  in  order  to 
detect  a  small  moving  target  against  a 
larger  clutter  background,  and  to  guard 
against  false  alarms,  usually  the  Doppler 
shift  must  be  much  larger  than  the  system 
Doppler  bandwidth. 

In  order  to  achieve  such  a  result,  the 
Doppler  MTI  passband,  defined  as  the 
space  between  ambiguous  Doppler  spectra 
free  from  clutter  energy,  must  be  made 
large,  requiring  a  larger  than  normal  PRF. 
Normal  motions  from  vehicles  and  other 
moving  targets  of  potential  interest  are 
usually  more  complicated  than  these  simple 
results  consider.  In  general,  defocusing 
arises  when  all  velocity  components  are 
included  and  the  possibility  of  range 
acceleration  is  allowed  [16].  More  complex 
motions  and  vehicle  vibrations  may  lead  to 
loss  of  signal  coherence.  These  consid¬ 
erations  argue  against  effective  adaptation 
of  a  conventional  SAR  as  an  MTI  device. 
(More  may  be  done,  however,  as  noted 
below.) 

3.5.  Imaging  Ocean  Waves 

The  most  subtle  of  "conventional"  SAR 
imaging  applications  is  that  of  ocean  waves. 
A  SAR  observes  essentially  only  the  surface 
layer  of  salt  water  which  under  typical 
circumstances  is  constantly  in  motion.  Ships 
moving  on  the  surface  may  reasonably  be 
expected  to  follow  the  "rules”  outlined  in 
the  preceeding  section,  but  what  about  the 
water  itself?  The  question  has  value  in  that 
SARs  are  promoted  as  potential  sources  of 
global  wave  climatology  data.  Today  this 
promise  has  yet  to  be  fulfilled. 


A  qualitative  prediction  of  SAR  wave  imag¬ 
ing  appeared  in  1978  [19].  Most  quanti¬ 
tative  analysis  was  concerned  with  the  effect 
on  a  SAR  image  by  the  advection  of  each 
scattering  cell  on  the  ocean’s  surface  by  the 
passage  of  longer  waves  such  as  swell  [20], 
[21].  Since  motion  coherently  sensed  by  the 
SAR  causes  image  shift,  systematic  motions 
from  the  waves’  orbital  velocities  leads  to 
"velocity  bunching",  actually  helpful  (within 
limits)  for  forming  a  wave-like  contrast 
pattern  in  a  SAR  ocean  image.  However, 
the  detailed  structure  of  a  wave  changes 
with  time,  sometimes  rapidly,  so  that  there 
are  coherence  time  limitations  on  image 
formation  that  lead  to  inherent  azimuth 
reolution  constraints,  the  so-called  "azimuth 
cut-off'.  The  state  of  the  art  of  ocean  SAR 
imaging  at  that  time  is  summarized  in  [22], 

Independent  investigations,  both  theoretical 
[23]  and  experimental  [24],  raised  the 
importance  of  non-coherent  aspects  of  SAR 
wave  imaging.  Since  waves  move,  and  since 
they  are  imaged  from  a  platform  itself  in 
motion,  both  phase  sensitive  and  position 
sensitive  motions  should  be  of  importance. 

For  the  time  scales  encountered  in  airborne 
SAR  systems,  the  two  types  of  wave  motion 
may  be  exploited.  The  separate  looks 
normally  created  from  a  SAR  data  set  are 
spectrally  separable  in  the  Doppler  domain. 
Since  the  azimuth  signal  is  of  large  time- 
bandwidth  product,  the  Doppler  spectrum, 
for  any  reference  time,  is  proportional  to 
the  time  of  actual  data  collection  with 
respect  to  the  reference  time.  It  follows 
that  looks  may  be  separately  processed, 
relative  image  shift  between  looks  compen¬ 
sated,  and  then  the  shifted  looks  combined 
[23].  Properly  done,  this  leads  to  an 
"optimum"  SAR  image  of  ocean  waves,  and, 
of  more  importance,  to  an  optimized  direc¬ 
tional  spectrum  derived  from  the  SAR  data 
[25].  Furthermore,  the  technique  naturally 
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leads  to  removal  of  the  180°  ambiguity  of 
wave  propagation  direction  so  typical  of 
wave  imaging  systems. 

Imaging  ocean  waves  from  satellite  altitudes 
and  velocities  is  in  general  less  than 
optimum.  The  time  variable  aspect  of  the 
geometry  is  scaled  to  first  order  by  h/V 
which  assume  less  favourable  values  for 
most  orbits  than  for  most  aircraft  SARs. 
Ocean  wave  imaging  is  an  active  area  of 
research. 

4.  SEQUENCE  PAIRS 

One  could  visualize  a  SAR  as  simply  one 
example  of  a  classical  coherent  imaging 
system.  It  is  well  known  that  such  systems 
reach  their  pinnacle  of  precise  performance 
when  used  in  an  interferometric  mode,  Le., 
one  in  which  the  scene  observed  is  made  to 
yield  its  secrets  at  scales  of  the  wavelength 
of  illumination.  This  is  the  objective  of 
SAR  configurations  designed  to  use  a  pair 
of  signal  sequences,  either  spatially  or 
temporally. 

4.1.  Spatial  Interferometry 

A  SAR  image  of  terrain  is  a  two-dimension¬ 
al  mapping  of  a  three-dimensional  surface. 
Unless  more  information  is  available,  there 
is  no  way  to  quantitatively  estimate  terrain 
height.  Of  course,  as  with  aerial  photo¬ 
graphs,  a  pair  of  SAR  iamges  each  taken 
from  a  different  point  of  view  could  be  used 
as  a  stereo  pair,  but  as  a  coherent  system, 
SAR  has  much  more  to  offer  than  that. 

In  the  early  1970’s,  Goodyear  introduced  a 
SAR  system  [26]  that  carried  two  antennas 
designed  to  function  simultaneously. 

The  two  received  signals  were  coherently 
combined  analogous  to  an  optical  inter¬ 
ferometer.  The  main  elements  of  the 


Figure  3.  Basic  geometry  for  topographic 
interferometric  imaging  radars. 


geometry  are  shown  in  Figure  3.  The 
essential  feature  is  that,  for  known  antenna 
separation  dh,  and  known  slant  ranges  Rj 
and  R2  to  a  scattering  centre,  then  its 
relative  height  may  be  estimated  from  the 
phase  information  in  the  interference 
pattern. 

In  the  mid- 1980’s,  a  brilliant  innovation  was 
introduced  by  Goldstein  of  JPL  [27].  He 
suggested  that  an  interferometric  pair  could 
be  created  by  two  relatively  closely  spaced 
but  separate  passes  of  a  (single  antenna) 
SAR  satellite.  Two  pass  interferometry  was 
proven  using  selected  passes  of  existing 
Seasat  data,  from  which  interference  fringes 
were  generated,  and  relative  terrain  height 
estimated. 

Large  area  image  interferometry  placed  a 
great  strain  on  the  SAR  processing  capa¬ 
bilities  then  available.  In  response,  the 
"wave-domain"  algorithm  and  its  derivatives 
were  introduced:  collaboration  between 
Rocca  and  Goldstein  led  to  better  phase 
performance  of  SAR  processors,  and 
proliferation  of  SAR  interferometric  work 
to  Europe  and  elsewhere. 


10-10 


The  underlying  assumption  of  two  pass 
interferometry  is  that  the  terrain  being 
observed  is  essentially  unchanged  (with 
respect  to  phase  characteristics)  in  the  time 
interval  between  observations.  The 
condition  may  be  inverted,  since  the 
absence  of  interference  fringes  is  an 
indication  of  (randomly)  changed  phase  in 
the  affected  area. 

The  basic  SAR  interferometric  principle 
leads  to  terrain  height  estimation  with  a 
precision  on  the  order  of  the  resolution  of 
the  SAR  [28].  Its  accuracy,  however,  is  very 
sensitive  to  the  value  of  the  baseline  dh. 
For  applications  in  which  a  known  "level" 
terrain  feature  is  present,  such  as  a 
shoreline,  then  the  elevation  contours  may 
be  calibrated.  In  principle,  the  technique 
may  be  used  with  any  satellite  SAR. 

The  measurement  capability  of  interfero¬ 
metric  SARs  has  been  extended  through  the 
use  of  differential  techniques  [29],  [30],  [31]. 
Through  this  approach,  one  looks  for 
differences  in  the  fringe  pattern  between 
two  pairs  of  observation  opportunities.  In 
effect,  in  each  case,  one  of  the  signal  pair 
establishes  a  reference  phase  for  each 
element  in  the  scene,  and  the  other  signal 
provides  an  estimate  of  phase  change  with 
respect  to  the  reference.  In  principle,  the 
method  is  sensitive  to  physical  changes  in 
position  of  a  reflecting  element  to  less  than 
A/4,  which  has  been  demonstrated  [29].  It 
has  been  proposed  as  a  method  for  estima¬ 
ting  crustal  movement  either  before  or  after 
an  earthquake  [30]. 

Interferometry  is  not  without  its  problems. 
One  of  the  most  challenging  is  "phase 
unwrapping"  [31],  [32].  Interferometry  rests 
on  phase  estimation,  which,  unless  other 
information  is  implicitly  or  explicitly 
available,  is  multiple  valued.  Current 
techniques  in  effect  rely  on  an  assumption 


of  slope  continuity  through  which  progres¬ 
sive  phase  shift  may  be  integrated  across 
changes  in  excess  of  2jt.  Use  of  low 
resolution  methods  such  as  "shape  from 
shading"  is  also  helpful. 

Within  the  last  decade,  interferometry  for 
SAR  is  one  of  the  two  most  significant 
developments.  (Quadrature  polarimetry  is 
the  other  one.)  The  topic  remains  an  area 
of  very  active  research,  and  may  reasonably 
be  expected  to  offer  valuable  quantitative 
results  to  the  user  community  in  the  years 
to  come. 

4.2.  Temporal  Interferometry 

There  is  an  alternative  way  in  which  to 
build  an  interferometer.  For  a  SAR  on  a 
moving  platform,  a  pair  of  antennas  could 
be  arranged  to  lie  along  the  flight  vector, 
thus  providing  essentially  identical  views  of 
the  illuminated  field,  but  at  slightly 
different  times.  The  basic  geometry  is 
illustrated  in  Figure  4. 
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Figure  4.  Dual  antenna  time-sequential 
interferometry. 
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The  time  delay  6t  between  the  pair  of 
received  signals  is  D/V  if  the  antennas  are 
operated  separately  as  transmitter  and 
receiver.  The  time  delay  is  D/2V  if,  as  is 
usually  the  case,  only  one  antenna  is  used 
for  transmission  and  both  are  used  for 
reception. 

Scene  elements  having  radial  motion  vrad 
cause  a  differential  phase  shift 

A<|>  -  4  w  —  ht  (13) 

X 

which  may  be  detected  by  interferometric 
combination  of  the  signals  from  the  two 
channels.  For  area  extensive  motion,  such 
as  ocean  surface  currents,  the  detection 
technique  normally  employed  is  correlation 
[33],  from  which  excellent  results  have  been 
obtained.  The  technique  has  been  extended 
to  wave  spectral  estimation  through  a 
variation  on  the  basic  theme  [34]. 

4.3.  MTI  and  Velocity  Estimation 

When  most  of  the  imaged  field  is  expected 
to  be  unchanged,  the  more  direct  processing 
strategy  of  "delay  and  subtract"  applies. 
This  is  the  case  for  MTI.  It  has  been 
known  for  many  years  that  the  dual  antenna 
configuration  offers  a  way  around  the 
Doppler  lower  limit  imposed  by  the  clutter 
spectrum  [35].  Performance  estimates  for 
the  SAR  case  are  available  in  [16]. 

If  ss,(t)  is  the  signal  from  the  front  antenna, 
and  ss2(t)  is  the  signal  from  the  rear 
antenna,  and  mm(t)  is  the  signal  from  a 
slowly  moving  target  with  radial  velocity 
vra*  then 

mA(t )  -  ss2(t)  - sst(t  -  dt)  (14) 


where,  neglecting  noise,  one  may  show  that 

v  V 

mA(t)  -  mm(t)  1-  exp 

*■  ). 

(15) 

as  the  indication  of  the  presence  of  a 
moving  target.  The  detected  difference 
image  will  contain  only  moving  targets  (plus 
differential  clutter  and  noise),  each 
weighted  by  the  squared  magnitude  of  the 
radially  dependent  phase  term  of  Eq.  15. 

Implementation  of  this  algorithm  using 
digital  techniques  in  general  requires 
interpolation  since  there  must  be 
continuous  adaptation  to  variations  in 
aircraft  velocity  V.  There  is  a  neat  way 
around  this  objection,  however,  by  taking 
the  (azimuth)  Fourier  transform,  yielding  a 
domain  characterized  by  a  pair  of  signals 
such  as  given  by  Eq.  4.  The  delay  operator 
becomes  simply  a  phase  multiply 

exp(-yZ)ux/2)  when  written  in  spatial 

frequency,  and  under  the  assumptions  that 
only  one  antenna  is  used  for  transmission, 
and  that  the  PRF  is  maintained 
proportional  to  ground  speed. 

The  companion  operation  on  the  signal  pair 
of  Eq.  14  is  to  form  their  sum.  Thus 

mz(t)  -  25Sj(0 

+  mm(t)  1  +  exp  -y‘4n-^  bt 

*  /. 

(16) 

in  which  the  effective  common  mode 
(complex)  signal  is  doubled,  and  the  phase 
modulated  term  is  present  as  the  comple¬ 
ment  to  the  differential  channel.  One  may 
show  [36]  that  an  effective  doubling  of  the 
image  SNR  follows  from  the  first  effect. 
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The  two  components  of  the  moving  target 
are  shared  proportionately  between  the  two 

channels,  with  sin 2(kvradbt)  in  the 

difference  channel,  and  cos2(kvradbt)  in 

the  sum  channel,  where  k  =  2 ir/\.  These 
expressions  show  that  there  is  a  "blind 
speed"  vmd>  B,  at  which  the  target  motion  is 
through  one  (round-trip)  wavelength 
between  observations,  and  thus  not 
detectable  by  phase  shift.  Blind  speeds  are 
characteristic  of  MTI  radar  systems. 

Energy  partitioning  of  the  moving  target 
signal  between  the  sum  and  the  difference 
channel  may  be  used  for  target  velocity 
estimation,  analogous  to  the  same  technique 
used  for  calibration  of  dual  channel 
polarimetric  radars  [36]. 

Extrapolation  of  this  principle  to  orbital 
velocities  shows  that  along  track  antenna 
separations  of  several  hundred  metres 
would  be  required  for  detection  of  targets 
with  small  components  of  velocity  towards 
the  radar. 

5.  ADDITIONAL  COMMENTS 

This  lecture  has  attempted  to  suggest  ways 
in  which  the  basic  capabilities  of  a  SAR 
system  may  be  stretched  to  new  and  some¬ 
times  almost  unbelievable  domains.  The 
discussion  has  been  far  from  complete. 
Some  closing  comments  are  offered  here. 

One  of  the  richest  areas  for  SAR  system 
advanced  technology  is  in  quadrature  polar- 
imetry.  This  topic  is  covered  by  other  lec¬ 
tures  in  this  series.  One  should  note  in 
passing,  however,  that  the  underlying  coher¬ 
ence  of  the  SAR  channels  is  required  to 
achieve  full  polarimetric  synthyesis  either  in 
the  signal  domain  or  the  image  domain. 


Improvement  of  image  quality,  both  through 
summation  of  extra  non-coherent  looks,  and 
through  coherent  integration  in  special 
circumstances,  has  been  demonstrated  using 
separate  data  sets,  available,  for  example, 
from  nearly  spatially  coincident  orbits. 

By  taking  the  two-pass  topographic  inter¬ 
ferometric  geometry  to  the  limit,  in  princi¬ 
ple  one  could  generate  multiple  range  offset 
data  sets  sufficient  to  create  full  holo¬ 
graphic  (three  dimensional)  images  of  the 
illuminated  surface.  In  fact,  this  was 
demonstrated  nearly  20  years  ago  using 
aircraft  based  radars,  but  has  certain 
physical  limitations  when  presented  as  an 
optical  analog.  It  could  have  value  in  the 
modern  era  of  digital  imaging,  however. 

Both  spatial-  and  time-delay  interferometry 
have  been  implemented  using  a  SAR.  The 
classic  (partially  coherent)  field  analysis 
tool,  however,  is  the  mutual  coherence 
function  which  utilizes  simultaneous 
application  of  a  spatial  and  a  temporal 
interferometric  baseline.  Such  a  tool  in  the 
SAR  context  should  have  value,  for 
example,  in  deeper  analysis  of  SAR  ocean 
wave  imaging. 

Most  of  the  techniques  described  above, 
and  the  underlying  capability  to  form  a 
basic  SAR  image,  all  have  their  "bistatic" 
counterparts.  A  bistatic  system  is  one  for 
which  the  transmitter  and  the  receiver  are 
in  different  locations,  sometimes  widely 
separated.  We  have  restricted  the  discus¬ 
sion  to  the  case  for  which  the  radar  trans¬ 
mitter  and  receiver  have  the  same  physical 
location,  the  so-called  mono-static  case. 
The  fundamental  requirement  for  bistatic 
configurations,  just  as  for  the  conventional 
case,  is  that  there  be  "system  coherence". 
In  each  situation  a  means  of  maintaining 
phase  robustness  is  required  for  all  signals 
to  be  utilized. 
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Under  the  constraint  that  phase  of  the 
signal  ensemble  is  available,  then  there  are 
many  varied  measurement  possibilities  open 
to  the  clever  inventor.  One  may  reasonably 
expect  that  in  the  forthcoming  years,  more 
special  SAR  techniques  will  be  developed, 
and  be  adopted  as  needed  for  specific 
applications  of  this  exciting  device. 


6.  REFERENCES 

[1]  R.  O.  Harger,  Synthetic  Aperture  Radar 
Systems:  Theory  and  Design,  Academic 
Press,  New  York,  1970. 

[2]  R.  K.  Raney,  A  New  and  Fundamental 
Fourier  Transform  Pair,  Proceedings  of  the 
International  Geoscience  and  Remote  Sensing 
Symposium ,  26-29  May  1992,  Houston,  Tx. 

[3]  R.  Touzi,  K.  Raney,  and  A.  Lopes,  On 
the  Use  of  Complex  SAR  Data  for  Calibra¬ 
tion,  Proceedings  of  the  International 
Geoscience  and  Remote  Sensing  Symposium, 
26-29  May  1992,  Houston,  Texas. 

[4]  R.  K.  Raney,  Conceptual  Design  of 
Satellite  SAR,  Proceedings  of  the 
International  Geoscience  and  Remote  Sensing 
Symposium,  Strasbourg,  ESA  Publication 
SP-215,  27-30  Aug,  1984,  pp.  801-807. 

[5]  R.  Bamler,  A  Systematic  Comparison  of 
SAR  Focusing  Algorithms,  Proceedings  of 
the  International  Geoscience  and  Remote 
Sensing  Symposium,  Espoo,  Finland,  June 
1991,  pp.  1005-1009. 

[6]  D.  A.  Ausherman,  A.  Kozma,  J.  L. 
Walker,  H.  M.  Jones,  and  E.  C.  Poggio, 
Developments  in  Radar  Imaging,  IEEE 
Trans,  on  Aerospace  and  Electronic  Systems, 
Vol.  AES-20,  No.  4,  July  1984,  pp  363-400. 


[7]  C.  Cafforio,  C.  Prati,  and  F.  Rocca,  Full 
Resolution  Focusing  of  Seasat  SAR  Images 
in  the  Frequency-Wavenumber  Domain, 
International  Journal  of  Remote  Sensing,  Vol. 
12,  1991,  pp.  491-510. 

[8]  R.  Stolt,  Migration  by  Fourier  Trans¬ 
form  Techniques,  Geophysics,  Vol.  43, 1978, 
pp.  49-76. 

[9]  R.  K.  Raney  and  P.  W.  Vachon,  A 
Phase  Preserving  SAR  Processor, 
Proceedings  of  the  International  Geoscience 
and  Remote  Sensing  Symposium,  Vancouver, 
Canada,  July,  1989,  pp.  2588-2591. 

[10]  R.  K.  Raney,  An  Exact  Wide  Field 
Digital  Imaging  Algorithm,  International 
Journal  of  Remote  Sensing,  Vol.  13,  No.  5, 
1992,  pp.  991-998. 

[11]  I.  Cumming,  F.  Wong,  and  R.  K. 
Raney,  A  SAR  Processing  Algorithm  with 
No  Interpolation,  Proceedings  of  the 
International  Geoscience  and  Remote  Sensing 
Symposium,  Houston,  Tx.,  26-29  May  1992. 

[12]  H.  Runge  and  R.  Bamler,  A  Novel 
High  Precision  SAR  Processing  Algorithm 
Based  on  Chirp  Scaling,  Proceedings  of  the 
International  Geoscience  and  Remote  Sensing 
Symposium,  Houston,  Tx.,  26-29  May  1992. 

[13]  J.  L.  Walker,  Range-Doppler  Imaging 
of  Rotating  Objects,  IEEE  Transactions  on 
Aerospace  and  Electronic  Systems,  AES-16, 
No.  1,  Jan  1980,  pp  23-52. 

[14]  D.  C.  Munson,  J.  D.  O’Brien,  and  W. 
K.  Jenkins,  A  Tomographic  Formulation  of 
Spotlight-mode  Synthetic  Aperture  Radar, 
Proceedings  of  the  IEEE,  No.  7,  Aug  1983, 
pp  917-925. 


n-i4 


[15]  W.  J.  Caputi,  Jr,  Stretch:  A  Time- 
Transformation  Technique,  IEEE  Transac¬ 
tions  on  Aerospace  and  Electronic  Systems, 
Vol.  AES-7,  No.2,  Mar  1971,  pp.  269-278. 

[16]  R.  K.  Raney,  Synthetic  Aperture  Radar 
and  Moving  Targets,  IEEE  Transactioins  on 
Aerospace  and  Electronic  Systems.  Vol.  AES- 
7,  No.  3,  May  1971,  pp.  499-505. 

[17]  E.  J.  Kelly  and  R.  P.  Wisher,  Matched 
Filter  Theoiy  for  Hign-velocity  Accelerating 
Targets,  IEEE  Transactions  on  Military 
Electronics,  Vol.  MIL-9,  Jan  1965,  pp.  56-59. 

[18]  J.  R.  Klauder,  The  Design  of  Radars 
Having  Both  High  Range  Resolution  and 
High  Velocity  Resolution,  Bell  System 
Technical  Journal,  July  1960,  pp.  745-808. 

[19]  R.  K.  Raney  and  R.  A.  Shuchman, 
SAR  Mechanisms  for  Imaging  Ocean 
Waves,  Proceedings  5th  Canadian  Sympo¬ 
sium  on  Remote  Sensing,  Victoria,  B.C., 
1978,  pp.  495-505. 

[20]  C.  T.  Swift  and  L.  R.  Wilson,  Synthetic 
Aperture  Radar  Imaging  of  Ocean  Waves, 
IEEE  Transactions  on  Antennas  and  Propa¬ 
gation,  Vol.  27,  No.  6,  1979,  pp.  725-729. 

[21]  W.  R.  Alpers  and  C.  L.  Rufenach,  The 
Effect  of  Orbital  Motions  on  Synthetic 
Aperture  Radar  Imagery  of  Ocean  Waves, 
IEEE  Transactions  on  Antennas  and  Propa¬ 
gation,  Vol.  27,  No.  5,  1979,  pp.  685-690. 

[22]  K.  Hasselmann,  R.  K.  Raney,  W.  J. 
Plant,  W.  Alpers,  R.  A.  Shuchman,  D.  R. 
Lyzenga,  C.  L.  Rufenach,  and  M.  J.  Tucker, 
Theory  of  Synthetic  Aperture  Radar  Ocean 
Imaging:  A  MARSEN  View,  Journal  of 
Geophysical  Research,  Vol.  90,  No.  C3,  May 
1985,  pp.  4659-4686. 


[23]  R.  K.  Raney  and  P.  W.  Vachon,  Syn¬ 
thetic  Aperture  Radar  Imaging  of  Ocean 
Waves  from  an  Airborne  Platform:  Focus 
and  Tracking  Issues,  Journal  of  Geophysical 
Research ,  Vol.  93,  No.  CIO,  1988,  pp. 
12,475-12,486. 

[24]  P.  W.  Vachon  and  J.  C.  West,  Spectral 
Estimation  Techniques  for  Multilook  SAR 
Images  of  Ocean  Waves,  IEEE  Transactions 
on  Geoscience  and  Remote  Sensing,  to 
appear,  1992. 

[25]  P.  W.  Vachon  and  R.  K.  Raney,  Ocean 
Waves  and  Optimal  SAR  Processing:  Don’t 
Adjust  the  Focus!,  Transactions  of  the  IEEE 
Geoscience  and  Remote  Sensing  Society,  to 
appear,  1992. 

[26]  L.  C.  Graham,  Synthetic  Interfero¬ 
meters  for  Topographic  Mapping,  Proceed¬ 
ings  of  the  IEEE,  Vol.  62,  No.  6,  1974,  pp. 
763-768. 

[27]  H.  A.  Zebker  and  R.  M.  Goldstein, 
Topographic  Mapping  from  Interferometric 
Synthetic  Aperture  Radar  Observations, 
Journal  of  Geophysical  Research,  Vol.  91, 
No.  B5,  1986,  pp.  4993-4999. 

[28]  C.  Prati,  F.  Rocca,  and  A.  M. 
Guarnieri,  Effects  of  Speckle  and  Additive 
Noise  on  the  Altimetric  Resolution  of 
Interferometric  SAR  (ISAR)  Surveys, 
Proceedings  of  the  International  Geoscience 
and  Remote  Sensing  Symposium,  Vancouver, 
Canada,  July  1989,  pp.  2469-2472. 

[29]  A.  L.  Gray  and  P.  Farris-Manning, 
Two-Pass  Interferometry  with  Airborne 
Synthetic  Aperture  Radar,  IEEE 
Transactions  on  Geoscience  and  Remote 
Sensing,  to  appear,  1992. 


[30]  A.  K.  Gabriel,  R.  M.  Goldstein,  and  H. 
A.  Zebker,  Mapping  Small  Elevation 
Changes  over  Large  Areas:  Differential 
Radar ,  Interferometry,  Journal  of 
Geophysical  Research,  Vol.  94,  No.  B7,  July 

1989,  pp.  9183-9191. 

[31]  F.  K.  Li  and  R.  M.  Goldstein,  Studies 
of  Multibaseline  Spacebome  Interfero¬ 
metric  Synthetic  Aperture  Radars,  IEEE 
Transactions  on  Geoscience  and  Remote 
Sensing,  Vol.  28,  No.  1,  Jan  1990,  pp.  88-97. 

[32]  C.  Prati,  M.  Giani,  and  N.  Leuratti, 
SAR  Interferometry,  A  2D  Phase  Unwrap¬ 
ping  Technique  based  on  Phase  and 
Absolute  Value  Information,  Proceedings  of 
the  International  Geoscience  and  Remote 
Sensing  Symposium,  Washington,  D.C.,  May 

1990,  pp.  2043-2046. 

[33]  R.  M.  Goldstein  and  H.  A.  Zebker, 
Interferometric  Radar  Measurements  of 
Ocean  Surface  Currents,  Nature,  Vol.  328, 
1987,  pp.  707-709. 

[34]  D.  R.  Lyzenga  and  J.  R.  Bennet, 
Estimation  of  Ocean  Wave  Spectra  using 
Two-Antenna  SAR  Systems,  IEEE  Trans¬ 
actions  on  Geoscience  and  Remote  Sensing, 
Vol.  29,  No.  3,  May  1991,  pp.  463-465. 

[35]  H.  Urkowitz,  The  Effect  of  Antenna 
Pattern  on  the  Performance  of  Dual¬ 
antenna  Radar  Airborne  Moving  Target 
Indicators,  IEEE  Transactions  on  Aerospace 
and  Naval  Electronics,  Vol.  ANE-11, 
December  1964,  pp.  218-223. 

[36]  R.  K.  Raney,  A  "Free"  3-dB  in  Cross- 
Polarized  SAR  Data,  IEEE  Transactions  on 
Geoscience  and  Remote  Sensing,  Vol.  26, 
No.  5,  Sept  1988,  pp700-702. 


11-1 


Review  of  Spaceborne  and  Airborne  SAR  Systems 

R.  Keith  Raney 

Canada  Centre  for  Remote  Sensing 


1.  SUMMARY 

This  Lecture  provides  a  concise  summary 
of  the  state  of  the  art  in  SAR  systems, 
both  spaceborne  and  airborne.  The  first 
civilian  SAR  mission  in  space  was  the 
United  States’  SEASAT  (L-band), 
operating  July-September  1978.  It  was 
followed  by  two  Shuttle  missions  of  one 
week  duration  each,  SIR-A  (L-band, 
November  1981)  and  SIR-B  (L-band, 
October  1984).  The  1990’s  is  witnessing  a 
flurry  of  orbital  SAR  activity,  with  Almaz 
(USSR,  S-band,  March  1991),  ERS-1 
(ESA,  C-band,  July  1991),  J-ERS-1 
(Japan,  L-band,  February  1992),  SIR-C/X- 
SAR  (USA/Germany  and  Italy,  L-,  C-, 
and  X-bands,  three  launches  planned  after 
1993),  ERS-2  (ESA,  repeat  mission),  and 
RADARSAT  (Canada,  C-band,  1995) 
taking  place  in  the  decade.  System 
parameters  are  included  in  Tables,  and 
general  characteristics  of  these  radars  are 
compared  and  contrasted.  The  lecture 
also  provides  an  overview  of  airborne 
SAR  systems,  including  those  of  NASA 
(USA),  CCRS  (Canada),  Intera/MDA 
(Canada),  DLR  (Germany),  and  TUD 
(Denmark),  among  others.  Acronyms  are 
defined  in  appropriate  sections  of  the  text. 


2.  INTRODUCTION 

After  decades  of  development  since  the 
concept  of  "synthetic  aperture  radar"  was 
published  in  1951,  the  1990’s  is  witnessing 
an  unprecedented  level  of  technical  (and 
financial)  activity  in  imaging  radar 
techniques  based  on  Carl  Wiley’s  original 


idea.  This  lecture  describes  the  current 
state  of  system  development.  All  civilian 
Earth  observing  synthetic  aperture  radar 
(SAR)  satellites  are  reviewed:  past, 
present,  and  future.  The  current  status  of 
representative  airborne  SAR  systems  is 
outlined,  and  several  other  airborne 
systems  mentioned.  The  discussion 
includes  more  than  twenty  SARs,  hardly 
an  exclusive  field  as  of  this  writing! 
Taken  together,  the  implied  financial 
support  is  on  the  order  of  5  billion  dollars. 

There  are  several  published  sources  that 
are  more  complete  than  this  brief  lecture 
is  able  to  be.  The  reader  is  referred  to  a 
special  issue  of  the  Proceedings  of  the 
IEEE  [1]  for  articles  that  describe 
currently  operating  and  approved  future 
satellite  SAR  systems  in  some  detail. 
Those  papers  include  planetary  missions 
as  well  as  the  Earth  orbital  radars  of 
interest  here.  In  the  context  of  pre¬ 
paration  for  the  EOS  SAR  mission  of 
NASA,  an  excellent  review  article  [2]  has 
been  prepared  that  covers  several  air¬ 
borne  SAR  systems  as  well  as  orbital  ones. 

For  satellite  SARs,  this  lecture  is 
organized  according  to  epoch:  previous 
missions;  present  missions;  planned 
missions;  and  proposed  missions.  The 
airborne  systems,  typically  in  a  constant 
state  of  change,  are  described  in  terms  of 
present  known  capabilities. 

As  is  the  case  for  any  area  in  which  many 
sources  might  be  found,  there  is  not 
always  agreement  in  those  sources  on  the 
detailed  specifications  for  any  given 
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system.  This  is  understandable,  particu¬ 
larly  when  technical  change  as  well  as 
language  and  terminology  confound  the 
issue.  In  this  review,  primary  sources  are 
used  whenever  available.  Furthermore, 
when  there  is  an  important  conflict  in 
published  data,  comments  are  included  in 
the  text  to  help  clarify  the  matter  for  the 
interested  reader. 


3.  PREVIOUS  ORBITAL  SAR  SYSTEMS 

For  some  individuals,  history  hinges  on  the 
wisdom  of  Lao  Tzu  (1st  century,  China), 
and  for  others  on  the  inspiration  of  Jesus 
Christ  (1st  century,  Judea).  For  those 
interested  in  synthetic  aperture  radar, 
however,  history  hinges  on  Seasat  (20th 
century,  North  America).  Virtually  all 
Earth  observing  SAR  satellite  systems  in 
this  lecture  owe  both  their  inspiration  and 
baseline  performance  standards  to  Seasat, 
and  by  implication  its  design  and  science 
teams.  Of  course,  there  are  solid  logical 
reasons  for  the  technical  similarities,  but 
the  fact  remains,  Seasat  led  the  way. 
Seasat  was  initiated  by  an  inter-agency 
study  team,  and  its  implementation  was 
managed  by  the  Jet  Propulsion  Laboratory 
(JPL)  (of  the  California  Institute  of 
Technology  in  Pasadena,  California) 
funded  by  NASA.  Seasat  was  a  magnifi¬ 
cent  achievement  [1], 

Principle  parameters  of  Seasat  are 
sketched  in  Table  1,  abstracted  from  [3], 
also  available  from  a  widely  distributed 
literature.  As  in  the  remainder  of  this 
lecture,  most  comments  in  the  discusssion 
on  this  SAR  are  keyed  to  entries  in 
pertinent  columns  of  tables. 

The  design  lifetime  of  Seasat  was  two 
years.  Unfortunately,  the  spacecraft  failed 
after  three  months  of  SAR  operation  due 


to  a  massive  short  circuit  in  the  slip  ring 
assembly  of  the  solar  panel  primary  power 
system.  (There  are  system  evaluation 
reports  available  from  the  committees 
charged  with  investigating  this  event, 
should  any  reader  be  interested  in 
hardware  and  programmatic  details.) 
Data  provided  by  Seasat  proved  to  be  of 
high  quality  and  immense  interest  to  the 
science  and  applications  communities,  and 
still  appears  as  prime  material  for  recent 
papers  in  the  professional  literature. 

In  the  Table,  the  antenna  is  described  as 
"corporate".  This  is  a  shorthand  notation 
for  a  passive  antenna  using  power  dividing 
techniques  to  distribute  the  signal  to  be 
transmitted  to  a  network  of  radiating 
elements.  In  the  case  of  Seasat,  the 
antenna  was  a  flat  microstrip  array,  built 
on  eight  panels.  The  size  of  the  antenna 
for  Seasat  is  of  interest.  Its  long  length, 
and  large  aspect  ratio,  is  "typical"  of 
"standard"  (satellite)  SAR  antennas.  The 
reasons  for  this  may  be  found  in  [3],  and 
in  other  lectures  in  this  series. 

Typical  parameter  values  important  for 
image  quality  for  satellite  SAR  systems,  in 
particular  resolution  and  number  of  looks, 
were  firmly  established  by  Seasat.  Unless 
one  is  willing  to  give  up  other  image 
aspects  such  as  swath  width,  there  is 
rather  little  flexibility  available. 

The  NASA  objective  for  Seasat  was  digital 
processing,  but  NASA  ran  out  of  money 
(after  the  potential  processor  contractor 
had  been  selected,  but  before  the  contract 
had  been  awarded!).  The  project  was 
launched,  literally,  with  optical  processing 
as  the  baseline.  In  parallel,  Charles  Wu  at 
JPL  (and  MDA,  Canada)  developed  digi¬ 
tal  processing  techniques  for  Seasat. 
Seasat  was  a  resounding  success  largely 
because  of  digital  processing,  as  the 
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TABLE  1.  Previous  Orbital  SAR  Systems 


Seasat 

SIR-A 

SIR-B 

(Kosmos  1870) 

General 

Country 

USA 

USA 

USA 

USSR 

Agency 

NASA 

NASA 

NASA 

Glavkosmos 

Spacecraft 

Seasat 

Shuttle 

Shuttle 

Salyut 

Launch  date 

26  Jun  78 

12  Nov  81 

5  Oct  84 

25  Jul  87 

Lifetime 

3  mos 

2.5  days 

8  days 

2  years 

Radar 

Band  [wavelength  (cm)] 

L  [23.5] 

L  [23.5] 

L  [23.5] 

S  [10] 

Frequency  (GHz) 

1.275 

1.278 

1.282 

3.0 

Antenna 

corporate 

corporate 

corporate 

waveguide 

Size  (m),  length  x  height 

10.7x2.16 

9.4x2.16 

10.7x2.16 

1.5x15  (2) 

Polarization 

HH 

HH 

HH 

HH 

Incidence  angle  (°) 

23 

50 

15-64 

30-60 

Range  resolution  (m) 

25 

40 

25 

(-30) 

Azimuth  resolution  (m) 

25 

40 

58  -  17 

(-30) 

Looks 

4 

6 

4 

(4) 

Swath  width  (km) 

100 

50 

10-60 

20-45 

Recorder  on  board? 

N 

Y 

Y 

Y 

Processing  (Optical,  Digital) 

O.D 

O 

O.D 

O 

Noise  equivalent  a°  (dB) 

-24 

-32 

(-28) 

Mission 

Nominasl  altitude  (km) 

800 

260 

350,  225 

250-280 

Inclination  (°) 

108 

38 

57 

71.5 

Sun  synchronous? 

N 

N 

N 

N 

Down-link  data  rate  (MB/sec) 

110 

(none) 

30 

analog 

Repeat  cycle  (days) 

17,  3 

nil 

nil 

variable 

Operation  time  per  orbit  (min) 

10 

- 

- 

3  min/tape 
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remainder  of  the  Tables  will  support. 

Seasat  used  an  analog  downlink  with  a 
bandwidth  of  20  MHz.  The  data  was 
recorded,  thence  a/d  converted  (5  bits,  I 
and  Q,  fixed  point)  to  an  effective  data 
rate  of  110  MB/sec. 

The  Shuttle  SAR  missions  extended  the 
foundations  established  by  Seasat  in  the 
dimension  of  incidence  angle.  Both  SIR- 
A  and  SIR-B  [2]  provided  valuable  results, 
but  with  technical  limitations.  SIR-A  used 
only  optical  processing,  depending  on 
airborne  film  recorders  adapted  to  the 
Shuttle  mission.  (SIR-A  was  an 
achievement  in  its  own  right,  however,  as 
it  was  the  first  payload  to  fly  aboard  a 
space  Shuttle  platform.)  For  SIR-B,  two 
problems  interfered  with  the  SAR  data 
quality,  including  a  partial  failure  of  the 
signal  line  connector  to  the  antenna  (with 
severe  increase  in  noise  level),  and  failure 
of  the  data  downlink  system  (TDRS 
antenna  tracking  system)  so  that  the  data 
recovery  originally  planned  was  curtailed. 
Never-the-less,  much  valuable  data  was 
collected  within  the  constraints  of  the 
flight  mission. 

For  two  years  at  the  close  of  the  decade, 
the  USSR  operated  the  Kosmos  1870 
radar  [4]  [5],  at  the  time  a  classified 
system.  Kosmos  1870  was  one  of  three 
satellite  SARs  built  in  the  late  1970’s  built 
by  NPO  Machinostroenye.  (The  other  two 
are  known  at  present  by  the  name  of 
Almaz,  discussed  below.)  The  Soviets  had 
a  series  of  well  known  real  aperture  radars 
in  space  (the  Kosmos  1500  series),  but 
Kosmos  1870,  in  addition  to  Venera  16 
and  17  to  Venus,  was  its  first  publicized 
orbital  SAR.  Kosmos  1870  and  its  Almaz 
relatives  are  the  only  space  radars  with 
two  antenna  assemblies,  directed  to 
opposite  sides  of  the  orbital  plane. 


After  the  conclusion  of  the  Kosmos  1870 
mission,  Glavkosmos  started  to  advertize 
its  SAR  products  on  the  international 
market,  using  agreements  with  such 
organizations  as  Space  Commerce  Corp¬ 
oration  (USA).  Kosmos  1870  was  a  radar 
limited  in  several  regards  by  its  "analog" 
foundations.  Image  products  from  that 
radar  appeared  to  be  far  inferior  to 
expectations  based  on  paper  specifications. 
Optical  processing  in  series  with  analog 
data  links  seem  to  have  significantly 
reduced  the  effective  bandwidth  of  the 
data,  leading  to  fewer  looks  and  more 
coarse  resolution  than  the  radar  itself 
should  have  provided.  (N.B.  "Digital" 
image  products  available  from  Kosmos 
1870  are  digitized  optically  processed  SAR 
data,  not  to  be  confused  with  digitally 
processed  SAR  data.) 


4.  PRESENT  SAR  SATELLITES 

In  contrast  to  the  almost  total  absence  of 
(civilian)  space  radar  capability  in  the  ten 
years  following  Seasat,  the  present  decade 
is  witnessing  substantial  activity.  All 
known  space  based  SARs  presently  in 
service  are  listed  in  Table  2. 

4.1.  Lacrosse 

Although  a  classified  mission,  there  have 
been  several  open  literature  publications 
(e.g.  [6]  and  [7])  from  which  the  entries  in 
the  table  for  Lacrosse  have  been  gleaned. 
The  key  items  include  resolution,  down  to 
one  metre  [7],  and  the  antenna  size,  which 
may  be  estimated  from  an  illustration 
published  in  [6]  and  Paris  Match  (date 
unknown).  These  two  facts  lead  to  the 
conclusion  that  Lacrosse  uses  the  Spotlight 
SAR  technique  in  its  high  resolution 
mode.  This  requires  a  steerable  antenna 
pattern,  so  it  follows  that  the  rather  large 
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TABLE  2.  Present  SAR  Satellites  > 


(Lacrosse) 

Almaz 

ERS-1 

J-ERS-1 

General 

Country 

USA 

USSR 

Europe 

Japan 

Agency 

USAF 

Glavkosmos 

ESA 

MITI/NASDA 

Spacecraft 

(Atlantis) 

Salyut 

ERS-1 

J-ERS-1 

Launch  date 

13  Dec  88 

31  Mar  91 

16  Jul  91 

11  Feb  92 

Lifetime  (design) 

- 

2  years 

2-3  years 

2  years 

Radar 

Band  [wavelength  (cm)] 

X  [3.0] 

S  [10] 

C  [5.7] 

L  [23.5] 

Frequency  (GHz) 

9.5 

3.0 

5.25 

1.275 

Antenna 

array 

waveguide 

waveguide 

corporate 

Size  (m),  length  x  height 

(~8x2) 

15x1.5  (2) 

10x1 

11.9x2.4 

Polarization 

HH 

HH 

VV 

HH 

Incidence  angle  (°) 

steerable 

30-60 

23 

38 

Range  resolution  (m) 

>  1 

15-30 

26 

18 

Azimuth  resolution  (m) 

>  1 

15 

28 

18 

Looks 

variable 

>  4 

6 

3 

Swath  width  (km) 

variable 

20-45 

100 

75 

Recorder  on  board? 

- 

Y 

N 

Y 

Processing  (Optical,  Digital) 

D 

D 

D 

D 

Noise  equivalent  a°  (dB) 

- 

- 

-24 

-20.5 

Mission 

Nominal  altitude  (km) 

-275 

300 

-780 

568 

Inclination  (°) 

57 

73 

98.5 

97.7 

Sun  synchronous? 

N 

N 

Y 

Y 

Down-link  data  rate  (MB/sec) 

- 

- 

105 

30  (x2) 

Repeat  cycle  (days) 

- 

nil 

3,  35, 176 

44 

Operation  time  per  orbit  (min) 

- 

3  min/tape 

10 

20 
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antenna  must  be  a  phased  array.  Orbital 
parameters  are  based  on  the  capability  of 
the  Shuttle  Atlantis  launched  from  Cape 
Kennedy,  for  which  57°  is  the  limiting 
inclination.  (Lacrosse  is  manoeuverable 
[7],  however,  so  that  current  values  of 
inclination  and  altitude  may  differ  from 
those  in  the  Table.)  The  press  reports  at 
least  two  other  Lacrosse  systems  awaiting 
operations,  one  of  which  may  already  have 
been  launched.  Imagery  from  Lacrosse  is 
not  available. 

4.2.  Almaz 

Almaz  ([1],  [4],  [5]),  or  "diamond  in  the 
rough”,  is  very  similar  to  Kosmos  1870,  but 
up-graded  in  several  regards.  Data  is 
stored  onboard  in  four  parallel  video 
recorders  whose  capacity  limit  the  length 
of  each  data  take.  The  data  downlink  is 
analog  for  both  realtime  data  and 
recorded  data.  The  most  significant 
improvements  in  the  Almaz  signal  chain 
followed  from  conversion  to  digital  data 
handling  and  processing.  The  standard 
processor  is  patterned  after  a  VAX  780, 
and  uses  the  conventional  range/Doppler 
algorithm.  Image  quality  is  variable,  but 
some  excellent  examples  are  available. 

From  an  applications  point  of  view,  Almaz 
is  a  very  interesting  system.  Its  S-band 
wavelength  and  selectable  incidence  angle 
make  it  a  good  choice  for  certain  Earth 
resource  issues.  An  example  of  Almaz 
imagery  may  be  found  in  Figure  1. 

4.3.  ERS-1 

After  extensive  studies  and  preparations 
from  about  1975,  the  European  Space 
Agency  launched  ERS-1  in  1991.  The 
primary  payload  [8],  [9]  onboard  ERS-1 
("European  Remote  Sensing"  satellite)  is 
the  Active  Microwave  Instrument  (AMI), 


the  heart  of  which  is  a  SAR  whose 
parameters  are  listed  in  the  table.  After 
several  months  in  the  three  day  repeat 
orbit  used  for  system  verification  and  data 
validation,  the  orbit  was  changed.  The 
first  two  weeks  of  April  1992  used  the  "roll 
tilt"  mode  in  a  35  day  repeat  pattern.  The 
"roll  tilt”  accomplishes  a  change  in 
incidence  angle  to  about  35°.  After  mid- 
April,  ERS-1  resumed  normal  operations, 
still  in  the  35  day  repeat  orbit.  The  176 
day  repeat  orbit  will  be  used  for  an 
extended  period  later  in  the  mission  to 
support  altimetric  experiments.  Data  is 
downlinked  when  within  range  of  a 
receiving  station  on  X-band  at  105 
MB/sec  using  5  bit  quantization  (fixed 
point)  on  the  I  and  Q  channels.  Image 
quality  from  ERS-1  is  excellent. 

With  two  operational  SARs  in  orbit,  it  is 
interesting  to  compare  their  respective 
views  of  the  Earth.  Figure  1  shows  an 
area  near  Whitecourt,  Alberta  as  seen  by 
both  Almaz  and  ERS-1.  The  contrast 
between  these  two  images  is  striking. 
ERS-1  appears  to  be  more  sensitive  to 
topographic  effects,  and  less  sensitive  to 
differences  in  vegetation.  Almaz,  on  the 
other  hand,  easily  displays  the  dear-cuts  in 
the  forest,  but  is  less  sensitive  to  the 
terrain  relief. 

4.4.  J-ERS-1 

The  Japanese  launched  J-ERS-1  ("Earth 
Resources  Satellite")  early  in  1992.  After 
early  difficulty  with  the  mechanism,  the 
SAR  antenna  was  successfully  deployed  on 
9  April.  At  this  writing,  the  SAJR  system 
is  still  undergoing  inflight  checkout;  the 
initial  imagery  is  excellent.  J-ERS-1  is  a 
joint  development  of  the  Ministry  of 
International  Trade  (MITI)  and  the 
Science  and  Technology  Agency  of  the 
National  Space  Development  Agency 
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Figure  1.  Satellite  Imagery  of  the  Forest  Test  Site  in  Whitecourt,  Alberta. 
Top:  ERS-1  image  (C-band,  23°  incidence  angle) 

Bottom:  ALMAZ  image  (S-band,  44°  incidence  angle) 
(Processing  courtesy  Canada  Centre  for  Remote  Sensing) 
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(NASDA)  of  Japan  [10]. 

J-ERS-1  is  like  Seasat  SAR  in  many  ways. 
In  fact,  its  original  performance 
specifications  were  identical  to  those  of 
Seasat.  It  turned  out  that  two  things 
combined  leading  to  the  present  para- 
maters  (Table  2).  First,  the  test  results  for 
the  solid  state  power  amplifiers  showed 
much  better  output  power  than  had  been 
thought  possible  in  early  design  stages. 
Thus,  greater  range  could  be  accepted. 
Second,  the  driving  application  for  J-ERS- 
1  is  global  economic  geology,  for  which 
larger  incidence  angles  are  desirable  in 
order  to  reduce  image  distortions  from 
terrain  relief.  The  nominal  incidence 
angle  for  J-ERS-1  was  changed  accord¬ 
ingly,  now  at  38°,  rather  than  the  nominal 
23°  of  Seasat.  (Note  that  the  literature 
almost  always  quotes  a  "look  angle"  of  35° 
for  J-ERS-1,  which  refers  to  the  angle  of 
the  antenna  beam  at  the  spacecraft,  and 
does  not  include  Earth  curvature.  Inci¬ 
dence  angle  is  the  preferred  specification 
for  the  antenna  effective  viewing  angle.) 

As  a  consequence  of  the  larger  incidence 
angle,  the  ground  range  resolution  is 
reduced  from  25  metres  to  18  metres,  with 
no  change  in  system  range  bandwidth. 
Having  a  range  resolution  of  18  metres, 
the  azimuth  resolution  was  chosen  to  be 
the  same,  achieved  by  a  simple  adjustment 
in  the  processor.  Finally,  the  number  of 
looks  available  is  reduced  by  about  25%, 
leading  to  3  looks,  or  (18/25)x4.  Con¬ 
clusion?  Although  the  specifications  for  J- 
ERS-1  look  different  from  Seasat,  the 
imagery  with  respect  to  image  quality 
should  be  about  the  same.  The  increased 
incidence  angle  should  be  of  value. 


5.  PLANNED  ORBITAL  SAR  MISSIONS 

In  the  sense  used  here,  planned  orbital 
missions  are  those  for  which  the 
sponsoring  agences  have  committed  the 
necessary  resources,  and  the  flight  systems 
are  under  construction.  The  "approved" 
systems  are  outlined  in  Table  3.  They 
include:  SIR-C/X-SAR,  a  series  of 
Shuttle-based  missions  each  of  relatively 
short  duration;  ERS-2,  identical  in  most 
regards  to  ERS-1  (see  above);  and 
RADARSAT,  the  first  remote  sensing 
satellite  mission  of  Canada. 

5.1.  SIR-C/X-SAR 

The  SIR-C/X-SAR  mission  represents  a 
major  milestone  in  space-based  radar. 
Principal  features  of  interest  are  suggested 
by  the  entries  in  Table  3  which  guide  the 
comments  in  this  section.  More  details 
may  be  found  in  [2]  and  [11]. 

SIR-C/X-SAR  is  a  joint  venture  between 
the  United  States  (NASA-/JPL),  and  a 
European  consortium  of  Deutsche 
Forschungsanstalt  fur  Luft-  und  Raumfahrt 
e.V.  (the  German  Aerospace  Research 
Establishment  known  as  DLR)  and  the 
Agenzia  Spaziale  Italiana  (ASI,  Italy). 
JPL  is  responsible  for  the  C-  and  L-band 
systems,  and  DLR/ ASI  is  responsible  for 
the  X-band  system.  Through  extensive 
collaborative  efforts,  these  radars  have 
been  harmonized  so  that  they  may  be 
operated  simultaneously,  clearly  a  "first"  at 
both  organizational  and  technical  levels. 
Since  the  Shuttle  has  limited  orbital 
duration,  each  of  the  three  planned 
missions  are  expected  to  last  for  about  10 
days,  although  an  extended  (16  day) 
Shuttle  capability  remains  a  possibility  for 
the  later  launches. 
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TABLE  3.  Planned  Orbital  SAR  Systems 


SIR-C/X-SAR 

ERS-2 

RADARSAT 

General 

Country 

(See  text) 

Europe 

Canada 

Agency 

NASA/DLR/DARA 

ESA 

CSA/USA 

Spacecraft 

Shuttle 

ERS-2 

(dedicated) 

Launch  date 

’93,  ’94,  ’96 

1994 

1995 

Design  lifetime 

10  days 

2-3  years 

5  years 

Radar 

Band  [wavelength  (cm)] 

L,C;  X 

C  [5.25] 

C  [5.7] 

Frequency  (GHz) 

1.25,  5.3,  9.6 

5.3 

5.3 

Antenna 

arrays  +  WG(X) 

WaveGuide 

WG  array 

Size  (m),  length  x  height 

I2x(3,  0.75,  0.4) 

10x1 

15x1.5 

Polarization 

quad-pol  L+C;  Xw 

VV 

HH 

Incidence  angle  (°) 

15  -  55 

23 

<  20  -  >  50 

Range  resolution  t,m) 

10  -  30 

26 

10  -  100 

Azimuth  resolution  (m) 

30 

28 

9  -  100 

Looks 

-4 

6 

1  -  8 

Swath  width  (km) 

15  -  60 

100 

10  -  500 

Recorder  on  hoard? 

Y(+  D/L) 

N 

Y 

Processing  (Optical,  Digital) 

D 

D 

D 

Noise  equivalent  a°  (dB) 

-40  <  -28 

-24 

-23 

Mission 

Altitude  (km) 

225 

-780 

-800 

Inclination  (°) 

57 

98.5 

98.6 

Sun  synchronous? 

N 

Y 

Y 

Down-link  data  rate  (MB/sec) 

45  (TDRS) 

105 

74  -  105 

Repeat  cycle  (days) 

nil 

TBD 

24 

Operation  time  per  orbit  (min) 

(60  h,  total) 

10 

20 

The  radar  bands  selected  represent  orbital 
SAR  heritage  (L),  current  operational 
preference  (C),  and  extension  to  a  new 
(civilian)  orbital  wavelength  (X).  The 
antennas  required  have  been  matched  in 
two  regards.  First,  in  order  to  allow  the 
same  PRF  for  all  three  bands,  dictated  by 
the  requirement  to  have  simultaneous 
multi-frequency  operation,  each  of  the 
antennas  should  have  the  same  length. 
Second,  in  order  to  have  nominally  the 
same  elevation  beamwidth,  the  height  of 
the  antennas  must  be  scaled  in  proportion 
to  their  wavelength.  The  size  of  the  total 
array  is  about  12m  by  4.1m.  The  three 
antennas  will  be  mounted  on  one  common 
structure  in  the  cargo  bay  of  the  Shuttle, 
vertically  stacked. 

Antenna  technology  for  the  X-band  system 
is  slotted  waveguide,  horizontally 
polarized.  Elevation  steering  is  by 
physical  rotation  of  the  antenna  radiating 
surface  about  its  longitudinal  axis. 

Antennas  for  both  the  C-  and  L-band 
radars  use  active  phased  array  technology. 
There  are  18  panels  for  each  antenna, 
each  one  consisting  of  transmit/receive 
(T/R)  modules  for  H  and  V  polarizations. 
By  using  phase  control  of  the  individual 
T/R  modules,  the  antenna  patterns  can  be 
steered  in  both  elevation  and  azimuth. 

The  H  and  V  phased  arrays,  backed  up  by 
parallel  receiver  and  data  recording 
chains,  may  be  cycled  to  achieve  reception 
of  the  complex  scattering  matrix  of  the 
scene,  the  so-called  quadrature  polar¬ 
ization  technique  (described  in  another 
lecture  in  this  series).  SIR-C/X-SAR  will 
be  the  first  time  that  this  capability  is 
available  from  space. 

Clearly,  with  choice  of  polarizations  and 
frequencies,  nearly  20  modes  are  available 


from  this  radar  system.  These,  coupled 
with  a  degree  of  freedom  in  bandwidth 
and  incidence  angle  selection,  lead  to  very 
complex  planning  for  the  operations  of 
SIR-C/X-SAR.  In  addition,  there  are 
options  in  the  number  of  bits  to  be 
included  in  the  signal  data  path,  and 
allowance  for  experimental  passes  in  the 
ScanSAR  format  (see  RADARSAT 
below),  and  for  squinted  beam  data 
collection.  (At  this  time,  however,  there  is 
no  plan  to  support  data  processing  for 
these  special  imaging  geometries.) 

Processing  for  SIR-C,  and  particularly  for 
X-SAR,  poses  its  own  challenges.  Normal 
Shuttle  angular  motions,  in  combination 
with  Earth  rotation,  lead  to  relatively  large 
and  time  varying  Doppler  centroid 
variations  in  the  received  SAR  signals. 
For  the  Shuttle,  pitch,  roll,  and  yaw  are 
allowed  to  vary  within  1.5°.  (The  attitude 
control  system  for  the  Shuttle  is  not 
"proportional",  but  depends  on  angular 
momentum  impulses  from  gas-jet  thrusters 
to  correct  angular  position  when  the 
design  "dead-zone"  is  exceeded.) 
Tolerance  by  the  coherent  radar  signal  to 
(yaw)  attitude  is  determined  primarily  by 
azimuth  antenna  beamwidth.  For  a  given 
aperture  size,  the  beamwidth  of  the 
antenna  pattern  decreases  in  proportion  to 
wavelength.  For  example,  the  azimuth 
beamwidth  for  X-SAR  is  about  0.15°, 
which  is  ten  times  smaller  than  the  Shuttle 
attitude  uncertainty.  It  follows  that 
Doppler  centroid  estimation  and  tracking, 
and  its  compensation  in  time  and  range,  is 
the  most  challenging  SAR  processing  task 
among  all  others  represented  by  the 
mission.  This  circumstance  has  led  DLR 
to  new  frontiers  in  SAR  data  processing 
techniques,  Le .,  [12]  and  [13]. 
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5.2.  RADARSAT 

On  13  September  1989,  the  Government 
of  Canada  announced  full  commitment  to 
build  and  operate  RADARSAT,  Canada’s 
first  Earth  resources  remote  sensing 
satellite  [14].  It  is  being  prepared  for  a 
launch  in  1995,  and  is  designed  for  five 
years  of  service  in  orbit.  The  only  imaging 
instrument  is  a  SAR.  A  variety  of 
resolution,  image  swath  width,  and 
incidence  angle  parameters  are  available 
that  may  be  selected  through  ground 
command.  The  designated  agency 
responsible  for  RADARSAT  is  the 
Canadian  Space  Agency  (CSA).  The 
mission  is  the  result  of  more  than  a 
decade  of  work  and  initiative  by  the 
Canada  Centre  for  Remote  Sensing 
(CCRS). 

The  nominal  configuration  of  the 
spacecraft  has  the  SAR  pointing  to  the 
north  side  of  the  orbital  plane.  This 
makes  possible  regular  coverage  of  the 
Arctic  up  to  the  pole,  but  coverage  of  the 
central  Antarctic  region  is  not  possible 
with  this  geometry.  However,  for  two 
periods  during  the  first  two  years  of  the 
mission,  the  satellite  will  be  rotated  180° 
about  its  yaw  axis  so  as  to  direct  the  radar 
antenna  beam  to  the  south  side  of  the 
orbital  plane.  Each  such  yaw  manoeuvre 
is  expected  to  be  maintained  for  two 
weeks.  The  purpose  of  this  manoeuvre  is 
to  obtain  a  complete  SAR  map  of  Ant¬ 
arctica  at  the  times  of  maximum  and 
minimum  ice  cover.  (To  the  extent  that 
spacecraft  thermal  budgets  allow,  this  will 
also  allow  opposite  side  viewing  for 
selected  regions  north  of  the  Equator 
during  these  periods.)  Optical  sensors 
such  as  Landsat  have  no  access  to  regions 
closer  to  the  poles  than  81°,  and  are 
further  compromised  by  clouds  and 
darkness.  Other  space  radars  such  as 


ERS-1  have  no  ability  to  look  to  the 
south,  or,  in  the  case  of  Almaz,  have 
orbital  inclinations  such  that  Antarctic 
coverage  is  incomplete. 

NASA  is  a  major  partner  in  the 
RADARSAT  mission  contributing  services 
for  the  planned  1995  launch  from 
Vandenburg  AFB  using  a  medium-class 
expendable  vehicle  (McDonnell  Douglas 
Delta  II  7920-10).  The  satellite  payload 
will  consist  of  the  SAR  and  its  associated 
downlink  transmitters,  tape  recorders,  and 
command  and  control  computer.  The 
spacecraft  is  being  procured  from  Ball 
Aerospace  (United  States),  while  SPAR 
Aerospace  (Canada)  has  prime  system 
responsibility  under  contract  with  the 
Canadian  Space  Agency. 

Data  downlink  for  RADARSAT  is  at  X- 
band,  with  the  maximum  data  rate  chosen 
to  be  compatible  with  the  ERS-1  data 
rate.  RADARSAT  will  use  4  bit  floating 
point  quantization,  I  and  Q.  There  are 
two  downlink  channels,  required  to 
support  simultaneous  readout  of  the 
onboard  tape  recorder  together  with  "live" 
data.  There  are  three  downlink 
transmitters,  a  "3  for  2"  redundancy 
approach. 

For  a  satellite  using  a  radar  sensor,  good 
solar  illumination  of  the  spacecraft  is 
more  important  than  sunlight  on  the 
Earth’s  surface.  For  this  reason, 
RADARSAT  will  use  a  sun  synchronous 
dawn-dusk  orbit.  In  this  orbit,  the 
spacecraft  is  illuminated  by  the  sun 
throughout  each  orbit.  (There  are  short 
periods  at  southern  latitudes  during  the 
Austral  winter  during  which  the  spacecraft 
is  in  eclipse.)  Perhaps  the  greatest 
operational  advantage  of  this  orbit  is  that 
the  SAR  can  be  fully  dependent  on  solar 
derived  rather  than  stored  battery  power, 
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which  means  that  there  is  no  limiting 
distinction  between  ascending  and 
descending  passes  from  an  applications 
point  of  view.  Thus,  nearly  twice  as  many 
viewing  opportunities  are  available  to  the 
mission  than  would  otherwise  be  available. 
Another  operational  advantage  is  that  the 
ground  station  data  downlink  periods  for 
RADARSAT  will  not  conflict  with  other 
remote  sensing  satellites,  most  of  which 
use  near  mid-day  orbit  timing. 

RADARSAT  will  carry  tape  recorders 
with  sufficient  capacity  for  more  than  ten 
minutes  of  full  quality  SAR  data.  As  a 
consequence  of  the  orbit  yaw  manoeuvre 
and  the  onboard  recorders,  RADARSAT 
will  be  the  first  fine  resolution  satellite 
system  capable  of  complete  global 
coverage.  This  feature  of  RADARSAT  is 
relevant  to  global  environmental 
monitoring  as  well  as  being  of  scientific 
value. 

5.2.1.  Modes 

RADARSAT  has  been  designed  in  res¬ 
ponse  to  user  requirements  that  demand  a 
variety  of  incidence  angles  (from  about 
20°  to  50°)  in  the  standard  imaging  modes. 
An  antenna  with  electronic  elevation 
beam  steering  is  part  of  the  baseline 
RADARSAT  design.  Although  this 
enables  user  requirements  to  be  met,  it 
does  add  further  complexity  to  the  entire 
system.  In  order  to  provide  a  (nominally) 
constant  ground  range  resolution  over  the 
range  of  incidence  angles,  three  different 
pulse  bandwidths  are  needed.  It  also 
follows  that  very  fine  control  of  the 
transmitter  pulse  repetition  frequency 
(PRF)  is  required. 

Having  moved  to  build  in  an  antenna  and 
control  system  with  the  flexibility  (and 
complexity)  necessary  to  support  standard 


imaging  modes  at  a  variety  of  incidence 
angles,  several  additional  imaging  modes 
become  available  at  rather  small  marginal 
cost.  The  design  philosophy  for  these 
extra  modes  has  been  to  base  the  system 
specifications  on  the  standard  imaging 
modes,  and  to  optimize  the  performance 
of  the  additional  modes  within  the  design 
envelope  determined  by  the  standard 
modes.  Image  quality  in  the  additional 
modes  is  predicted  to  be  comparable  to 
that  of  the  standard  modes. 

Imaging  modes  for  RADARSAT  include 
Standard,  Wide  Swath,  Fine  Resolution, 
Extended,  and  ScanSAR  (see  Figure  2  and 
Table  4).  In  each  mode,  data  are 
collected  continuously  along  a  swath 
parallel  to  the  sub-satellite  path.  Swath 
length  is  limited  only  by  the  duration  of 
continuous  radar  operation,  and  may  be 
thousands  of  kilometres  long.  Swath 
widths  and  positions  are  determined  by 
the  antenna  elevation  beam  patterns  (and 
the  radar  range  gate  control),  and  have 
been  chosen  for  the  standard  modes  so 
that  there  is  at  least  10%  overlap  between 
adjacent  swaths.  Range  resolution  when 
projected  onto  the  Earth’s  surface  varies 
with  incidence  angle  and  hence  ground 
range.  Three  range  bandwidths  are 
available  (11.6,  17.3,  and  30.0  MHz)  to 
allow  choice  in  ground  range  resolution 
achieved  at  each  incidence  angle.  Nom¬ 
inal  range  resolution  for  the  standard 
beams  has  been  specified  at  ground  ranges 
of  400  km  and  675  km  from  the  sub¬ 
satellite  locus. 

The  additional  modes  are  generated  by 
appropriate  choices  of  antenna  beam  and 
range  pulse  bandwidth.  The  fine 
resolution  mode,  for  example,  is  achieved 
by  selecting  the  widest  available 
bandwidth,  and  using  a  narrow  beam  in 
elevation  at  incidence  angles  larger  than 
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TABLE  4.  RADARSAT  Imaging  Modes 


Mode 

Resolution 
(R1  x  A,  m) 

Looks2 

Width 

(km) 

Incidence 

(degrees) 

Standard 

25  x  28 

4 

100 

20  -  49 

Wide  (1) 

48-30  x  28 

4 

165 

20  -  31 

Wide  (2) 

32-25  x  28 

4 

150 

31  -  39 

Fine  resolution 

11-9  x  9 

1 

45 

37  -  48 

ScanSAR  (N) 

50  x  50 

2-4 

305 

20  -  40 

ScanSAR  (W) 

100  x  100 

4-8 

,  510 

20  -  49 

Extended  (H) 

22-19  x  28 

4 

75 

50  -  60 

Extended  (L) 

63-28  x  28 

4 

170 

10  -  23 

1  Nominal;  ground  range  resolution  varies  with  range. 

2  Nominal;  range  and  processor  dependent. 


Figure  2.  RADARSAT  Imaging  Modes 
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(nominally)  45°.  A  narrow  swath  results 
from  the  requirement  to  minimize 
bearhwidth  in  order  to  maintain  good 
signal  to  noise  ratio,  and  also  from  the 
necessity  to  maintain  data  rates  consistent 
with  downlink  channel  capacity.  Wide 
swath  modes  are  supported  by  wider 
antenna  beam  widths  than  normal  at 
steeper  incidence  angles,  and  use  of  the 
smallest  available  range  pulse  bandwidth 
leading  to  more  coarse  ground  range 
resolution.  Signal  to  noise  ratio  and  data 
bandwidth  arguments  apply  in  these 
modes  that  are  counterparts  to  those  for 
the  fine  resolution  modes,  but  with  the 
result  of  broadening  the  usable  swath 
width.  Extended  modes  result  from 
selection  of  beams  outside  of  the  nominal 
500  km  accessibility  region,  either  closer 
to  nadir  (steeper  incidence),  or  further 
away  (more  shallow  or  grazing  incidence 
angle). 

5.2.2.  ScanSAR 

In  order  to  allow  imaging  of  a  swath  much 
wider  than  ambiguity  limits  would 
normally  allow,  the  RADARSAT  system 
has  been  designed  to  incorporate  an 
alternative  and  less  conventional  mode 
([15]  and  [16])  known  as  ScanSAR.  In 
this  mode,  for  which  rapid  steering  of  the 
elevation  beam  pattern  of  the  antenna  is 
essential,  extended  range  coverage  can  be 
obtained  using  a  set  of  contiguous  beams, 
enabling  images  of  total  swath  width  up  to 
about  500  km  to  be  produced.  This  is 
accomplished  at  no  increase  in  mean  data 
rate  from  the  radar,  but  at  the  cost  of 
degraded  resolution  of  the  resulting  image. 

The  principle  of  ScanSAR  is  to  share 
radar  operational  time  between  two  or 
more  separate  sub-swaths  in  such  a  way  as 
to  obtain  full  image  coverage  over  their 
combined  swath.  The  set  of  returns  used 


to  image  a  section  of  one  sub-swath  must 
be  from  consecutive  pulses  in  order  to 
provide  adequate  sampling,  and  must  be 
of  sufficient  length  to  allow  formation  of 
the  synthetic  aperture  needed  for  the  sub¬ 
swath  at  the  required  resolution.  The 
imaging  operations  are  therefore  split  up 
into  a  series  of  blocks  of  pulses,  each 
block  providing  returns  from  one  of  the 
sub-swaths.  Each  block  is  processed  to 
provide  an  image  of  a  section  of  the 
corresponding  sub-swath.  The  imaging 
operations  cycle  around  the  full  set  of  sub¬ 
swaths  sufficiently  rapidly  that  the  imaged 
sections  in  any  one  sub-swath  are 
adjoining  or  over-lapping. 

RADARSAT  will  be  the  first  operational 
satellite  radar  system  to  implement  the 
ScanSAR  technique. 


6.  AIRBORNE  SAR  SYSTEMS 

This  section  provides  a  glimpse  at  civilian 
airborne  SAR  systems  now  in  service. 
Since  most  of  these  radars  are  meant  for 
technology  development  as  well  as 
applications  experiments,  the  hardware  is 
frequently  changed.  The  parameters  listed 
in  Table  5  are  thought  to  be  an  accurate 
representation  of  the  basic  performance  of 
those  systems.  Additional  comments,  and 
a  resume  of  other  airborne  SARs  are 
included  in  the  following  sub-sections. 

6.1.  Comparison  of  Selected  Systems 

The  most  widely  deployed  airborne  SAR, 
and  the  one  having  the  most  modes,  is 
that  of  NASA  which  carries  the  radar  of 
JPL  (the  Jet  Propulsion  Laboratory).  This 
radar,  known  as  AirSAR  ([2]  and  [19]),  is 
relatively  new,  having  been  designed  and 
built  to  replace  its  predecessor  which  was 
destroyed  in  an  aircraft  fire  in  1985.  The 
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TABLE  5.  Current  Status  of  Selected  Airborne  SAR  Systems 


AirSAR 

C/X  SAR 

E-SAR 

KRAS 

STAR-1 

General 

Country 

USA 

Canada 

Germany 

Denmark 

Canada 

Agency 

JPL/NASA 

CCRS 

DLR 

TUD 

Intera 

Aircraft 

DC-8 

CV-580 

DO-228 

Gulfstream 

Cessna 

Nominal  altitude  (km) 

8 

6 

3.5 

12.5 

10 

Nominal  airspeed  (m/sec) 

130 

70 

300 

175 

Purpose 

exp’l 

exp’l 

exp’l 

exp’l 

operat’l 

Radar 

Band 

C,  L,  P 

X,  C 

X,  C,  L 

C 

X 

Frequency  (GHz) 

5.3,  1.25,  0.44 

9.3,  5.3 

9.6,  5.3,  1.3 

5.3 

9.6 

Antenna  length  (m) 

1.3,  1.6,  1.8 

~1.2 

0.15,  0.24,  0.85  1.2 

-0.8 

Antenna  motion  controller  ? 

N 

Y 

N 

Y 

Y 

Polarization  diversity 

Y 

Y 

HH,  VV 

VV 

HH 

Quadrature  polarization 

C,  L,  P 

C 

No 

No 

No 

Incidence  angle  (°) 

20-60 

0-85 

15  -  60 

20-80 

45  -  80 

Range  resolution  (m)  (Slant) 

7.5  (S) 

6  -  20 

2  (S) 

2,4,8 

6,  12 

Range  cells 

4096 

2048 

8192 

4096 

Azimuth  resolution  (m) 

2 

<1-10 

2 

2,4,8 

6 

Looks 

4 

1  -  2 

1  -  8 

2  -  16 

7 

Swath  width  (km)  (Slant) 

7-13 

18  -  63 

3  (S) 

9  -  48  (S) 

40,  60  (S) 

STC  ? 

Y 

Y 

Y 

N 

Processor  on  board  ? 

Y  (1  ch) 

Y 

Y(QL) 

(Y) 

Y 

Noise  equivalent  a°  (dB) 
Special  modes 

InSAR,  At 

-30,  -40 

InSAR 

-40,  -30,  -35 

-42 

-30 
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quadrature  polarimetric  capability  at  the 
three  frequencies  of  this  radar  offers  a 
unique  and  very  rich  data  source  that  is 
made  available  by  NASA  to  investigators 
around  the  world.  AirSAR  also  offers  two 
other  special  modes  that  merit  attention, 
as  noted  in  the  Table.  InSAR  is  an  inter¬ 
ferometric  mode  created  by  using  data 
from  two  antennas,  one  mounted  above 
the  other  on  the  side  of  the  aircraft.  The 
interference  pattern  between  them  may  be 
used  to  deduce  terrain  height  information. 
For  AirSAR,  this  capability  is  at  C-band 
only.  The  other  special  mode  also 
requires  two  separate  antennas,  this  time 
spaced  along  the  line  of  flight. 
Interferometric  measurements  with  these 
two  antennas  may  be  used  to  observe 
phenomena  in  the  scene  that  change  over 
the  short  interval  AT  between  observations, 
such  as  currents  on  the  ocean’s  surface. 

The  SAR  flown  by  CCRS  (the  Canada 
Centre  for  Remote  Sensing)  is  on  a 
Convair-580.  Both  X-  and  C-bands  are 
fully  supported  by  onboard  real  time 
digital  processors  [20],  and  have  a  variety 
of  modes  and  data  combinations  available. 
The  standard  image  products  are  pro¬ 
duced  at  seven  looks.  The  system  has 
recently  been  modified  to  incorporate  full 
quadrature  polarimetry  on  C-band,  and 
may  be  operated  in  an  InSAR  mode. 
Signal  data  is  recorded  so  that  ground 
processing  may  be  used  for  specific 
experimental  purposes,  such  as  inves¬ 
tigations  requiring  access  to  separate  looks 
for  optimized  oceanographic  SAR  wave 
imagery. 

The  airborne  radar  of  DLR  (defined  in 
section  5.1)  continues  to  be  upgraded  with 
new  modes  and  capabilities  [21],  [22],  and 
[23].  It  is  designed  primarily  for  high 
resolution  and  technology  development, 
hence  it  has  a  narrower  swath  width  than 


do  the  previous  two  systems.  Its  recent 
extension  to  X-band  is  in  support  of 
DLR’s  vested  interest  in  X-band  for  the 
X-SAR  radar.  The  system  includes  a 
quick-look  (QL)  onboard  processor  having 
50  m  x  50  m  resolution. 

The  radar  of  the  Technical  University  of 
Denmark  (TUD)  has  been  designed  to 
offer  a  variety  of  incidence  and  image 
parameter  values  within  the  constraint  of 
being  a  single  polarization  C-band  system 
[24],  [25].  Within  the  limits  set  by  their 
respective  imaging  geometries,  the  radar  is 
matched  to  the  ERS-1  SAR,  aided  by  the 
use  of  an  aircraft  capable  of  high  speed 
and  high  altitude. 

The  leading  civilian  SAR  that  is  used  for 
mapping  surveys  is  STAR-1,  owned  and 
operated  by  Intera,  of  Calgary,  Alberta 
[26].  This  X-band  system  has  performed 
more  than  75%  of  all  of  the  airborne 
radar  mapping  done  for  commercial 
clients  world-wide  since  1986.  Data 
products  from  this  system  are  digitally 
rectified  to  map  accuracy  standards,  and, 
with  the  recent  use  of  GPS,  allows 
accurate  mapping  with  no  need  for 
surveyed  control  points.  Under  satellite 
navigation  control,  the  radar  map  itself  is 
the  most  accurate  source. 

6.1.  Overview  of  Other  Systems 

There  are  several  other  airborne  SARs 
that  deserve  mention.  The  Netherlands 
for  many  years  has  been  supporting  the 
development  of  an  advanced  system 
known  as  PHARS  [27].  Currently, 
PHARS  is  a  C-band  SAR  mounted  in  a 
Swaeringen  Metor  n,  a  twin  engined 
business  plane.  Early  results  meet  or 
exceed  specifications.  Nominal  resolution 
is  about  5  metres  with  about  6  looks.  The 
antenna  is  W  polarized  to  support 
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experiments  with  ERS-1.  The  program  is 
committed  to  implementing  a  full 
quadrature  polarimetric  version  within  a 
few  years. 

One  of  the  pioneers  in  the  field  of  SAR  is 
the  Environmental  Research  Institute  of 
Michigan  (ERIM),  whose  civilian 
experimental  SAR  is  managed  by  the 
United  States  Navy  Air  Development 
Center  (NADC),  and  is  mounted  on  a  P-3 
aircraft.  The  radar  operates  at  X-,  C-,  and 
L-bands,  and  is  fully  polarimetric  [28]. 
Nominal  resolution  is  in  the  3  metre 
range. 

The  French  have  been  actively  involved  in 
SAR  for  many  years.  Their  SAR  (a 
civilian  version  of  a  former  Thomson-CSF 
classified  X-band  system)  is  known  as 
VARAN-S  [29],  and  has  supported  several 
remote  sensing  experiments  in  Europe. 
Polarizations  are  HH  and  VV.  Nominal 
resolution  is  on  the  order  of  5  meters, 
with  four  looks,  nominal. 

In  addition  to  these  relative  well  known 
systems,  others  might  be  mentioned  for 
completeness.  The  Chinese  Academy  of 
Sciences  developed  their  own  X-band 
SAR  several  years  ago.  The  system  is 
called  CASSAR,  and  has  seen  limited  de¬ 
ployment  in  the  Far  East.  The  USSR 
maintained  an  airborne  SAR  capability  as 
a  test-bed  for  satellite  programs,  both 
Earth  oriented  and  planetary.  India  has 
developed  its  own  airborne  SAR  as  well 
as  an  indigineous  digital  SAR  data 
processing  capability. 


7.  PROPOSED  SAR  SATELLITES 

There  are  three  SAR  satellites  likely  to  be 
approved  for  completion  and  launch  in  the 
next  decade,  as  noted  in  Table  6.  Almaz 


II  has  already  been  built,  and  is  virtually  a 
twin  to  Almaz.  There  is  an  intention  to 
launch  and  operate  this  radar,  but  the 
changing  infra-structure  of  the  former 
USSR  space  segment  places  the  future  of 
Almaz  II  in  doubt.  Progammatic  responsi¬ 
bility  has  been  assumed  by  Russia  for 
PRIRODA  ("nature"),  a  complex  payload 
that  includes  a  SAR  as  one  of  several 
instruments  [17],  [18].  Much  of  the 
hardware  for  the  PRIRODA  payload  has 
already  been  built. 

The  EOS-SAR  (Earth  Observing  System 
SAR)  [2]  is  at  a  different  stage.  There  is 
an  active  design  and  science  team  at  work 
at  JPL  on  EOS-SAR,  but  the  program  has 
yet  to  receive  funding  approval  from 
NASA.  The  Proposal  by  the  EOS-SAR 
team  to  NASA  is  to  be  in  1993. 

The  EOS-SAR  as  presently  conceived 
would  be  a  most  ambitious  system.  It 
would  carry  the  multi-frequency, 
quadrature  polarization  capability  of  SIR- 
C/X-SAR  into  a  long  design  life  satellite 
implementation. 

In  addition  to  these  SARs,  there  are  other 
initiatives  being  developed.  France  for 
several  years  has  been  promoting  SAR- 
2000,  an  X-band  space  radar  intended  to 
complement  the  SPOT  program.  Recent¬ 
ly,  France  and  Canada  have  entered  a 
bilateral  agreement  to  do  joint  studies  of 
a  combined  satellite  radar  system  building 
on  the  SAR-2000  and  the  RADARSAT  III 
planning.  RADARSAT  II,  essentially  a 
replacement  for  RADARSAT,  is  under 
consideration  by  the  Canadian  govern¬ 
ment.  The  European  Space  Agency  has 
sponsored  several  studies  of  SAR  concepts 
that  look  beyond  ERS-2.  Undoubtedly, 
other  space  agencies  have  exploratory 
space  radar  studies  under  way. 
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TABLE  6.  Proposed  SAR  Satellites 


ALMAZ  II 

EOS-SAR 

PRIRODA 

General 

Country 

(TBD) 

USA 

Russia 

Agency 

TBD 

NASA 

TBD 

Spacecraft 

Salyut 

(dedicated) 

MIR 

Launch  date 

(1994?) 

2000  + 

(1994?) 

Lifetime 

2  years 

15  years 

- 

Radar 

Band 

S 

L,  C,  X 

L,  S 

Antenna 

WaveGuide 

arrays 

WG,  array 

Polarization 

HH 

quad-pol 

VV  or  HH 

Incidence  angle  (°) 

30-50 

15-45 

35 

Range  resolution  (m) 

15-30 

20  -  250 

100 

Azimuth  resolution  (m) 

15 

8-250 

50,  150 

Looks 

>  4 

1  -  10 

Swath  width  (km) 

20  -  45 

30  -  360 

80 

Recorder  on  board? 

Y 

TBD 

Y 
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1 4.  Abstract 

The  Lecture  Series  will  cover  the  field  of  airborne  and  spaceborne  SAR  with  respect  to  its 
technical  realisation  in  order  to  convey  the  participants'  ideas  and  know-how  on  SAR,  on  its 
capabilities  and  on  the  technology  necessary  for  the  successful  construction  and  application  of 
airborne  and  spaceborne  SAR  systems. 

The  basic  principles  of  SAR  will  be  explained  and  SAR  will  be  compared  to  airborne  and 
spaceborne  radar  with  real  aperture. 

The  influence  of  the  antenna  parameters  on  specification  and  capabilities  of  SAR  and  the 
advantages,  necessities  and  limits  will  be  considered. 

Digital  SAR  processing  is  indispensable  for  SAR.  Theories  and  special  algorithms  will  be  given 
along  with  basic  processor  configurations  and  different  processing  techniques  on  a  hardware  and 
software  basis. 

The  simulation  of  SAR-systems  as  well  as  SAR-products  will  also  be  a  topic  of  the  Lecture  Series. 
A  presentation  of  the  present  state  of  the  art,  giving  examples  of  presently  planned  and  realised 
airborne  and  spaceborne  SAR  with  its  foreseen  applications  will  conclude  the  Lecture  Series. 


This  Lecture  Series,  sponsored  by  the  Avionics  Panel  of  AGARD,  has  been  implemented  by  the 
Consultant  and  Exchange  Programme. 


AGARD  Lecture  Series  182  AGARD-LS-182  AGARD  Lecture  Series  182  AGARD-LS-182 

Advisory  Group  for  Aerospace  Research  and  -  Advisory  Group  for  Aerospace  Research  and  - 

Development,  NATO  Development,  NATO 
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